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Hydrogen  Peroxide-Induced  Base  Damage  in  Deoxyribonucleic  Acid 

Wu  l  t  \M  I-.  Bl  \Kt-t  'i  .*  At  I  KI  I)  1%  Ft!(  lAKI;|.l  l,**t  '  BRI-NT  J.  WlIOHBR,*  AND  MlRAL  Dl7.OAROGI.Ut 
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BlVMIA,  \V.  !•.,  IV<t\Ktttl.  A.  I?..  WltillER,  B.  J„  AND 
l)t/OxR(X»l  t .  M.  I  lydroscn  I'croxitk-lmloccd  Base  Damage  in 
Ukoxy  ribonucleic  Acid.  Ratlin/.  Res.  121,238-543(1990). 

.Aqueous  soiuiions  of  calf  thymus  deox,  ribonucleic  acid 
(DNA)  were  exposed  w  hydrogen  peroxide  in  the  presence  of 
air.  Base  products  formed  in  DNA  were  identified  and  quanti¬ 
fied  following  acid  hydrolysis  and  irimethylsilylaiion  using  gas 
chromatography-mass  spectrometry.  The  yields  of  these  prod 
ucts  were  dependent  upon  the  hydrogen  peroxide  concentration, 
and  increased  in  the  following  order,  (t-hydroxyadeninc.  cyto¬ 
sine  glycol.  2.6-diamino-4-hydroxy-5-formamidopyrimidinc, 
8-hydroxyguaninc,  thymine  glycol,  and  4.6-dUmiiK)-5-form- 
amidopyrimidine.  Previous  studies  base  show  n  that  these  com¬ 
pounds  arc  ty  pically  formed  in  DNA  in  aqueous  solution  by  hy¬ 
droxyl  radicals  generated  by  ioni/.ing  radiation.  Hydrogen  per¬ 
oxide  is  thought  to  participate  in  a  Fenton-like  reaction  with 
transition  metals,  which  are  readily  hound  to  DNA  in  trace 
quantities,  resulting  in  the  production  of  i.-droxyl  radicals  close 
to  the  DN  Vfhis  proposed  mechanism  w«s  examined  by  expos- 
ing-DNA  to  hydrogen  peroxide  cithet  in  the  presence  of  a  hy- 
'  droxy  I  radical  scavenger  or  following  prctrcatmcnt  of  DNA  with 
L '  metal-ion  chelators.  The  results  indicate  that  trace  quantities  of 
transition  metal  ions  can  react  readily  with  hydrogen  peroxide 
to  produce  radical  species.  The  production  of  radical  species  was 
monitored  by  determining  the  altered  bases  that  resulted  from 
the  reaction  between  radicals  and  DNA.  The  yields  of  the  base 
products  were  reduced  by  40  to  MHi  with  10  mmol  dm  1  of  di¬ 
methyl  sulfoxide.  A  100-fold  increase  in  the  concentration  of 
dimethyl  sulfoxide  did  not  result  in  a  further  reduction  in  hydro¬ 
gen  peroxide-induced  base  damage.  DNA  which  was  freed  from 
bound  metal  ions  by  pretreatment  with  metal  ion  chelators  fol¬ 
lowed  by  exhaustive  dialysis  was  found  to  be  an  ineffective  sub¬ 
strate  for  hydrogen  peroxide.  The  yields  of  base  products  mea¬ 
sured  in  this  DNA  were  at  background  levels.  These  results  sup¬ 
port  the  role  of  metal  ions  bound  to  DNA  in  the  site-specific 
formation  of  highly  reactive  radical  species,  most  likely  hy¬ 
droxyl  radicals,  in  hydrogen  peroxide-induced  damage  to  the 
bases  in  DNA.  i  iv*o  fmt  v 


INTRODUCTION 

Hydrogen  peroxidtf(H;Oj)  is  ubiquitous  in  biological  sys¬ 
tems.  formed  as  a  consequence  of  a  variety  of  metabolic 

1  Present  address;  Department  of  Radiation  Medicine.  Massachusetts 
General  Hospital.  Boston.  MA  021 14. 


processes.  While  normal  cellular  levels  of  H-O-  arc  gener¬ 
ally  low  (i.c.,  10  *moldm  *)(/),  these  levels  can  be  elevated 
as  the  result  of  inflammation  (2).  exposure  lo  ionizing  radia¬ 
tion  {3),  thiol  oxidation  (4),  and  metabolism  of  carcino¬ 
genic  agents  (5.  6).  As  a  low-moiccular-wcight  and  un¬ 
charged  species,  H>Oj  can  diffuse  readily  from  the  site  of 
production  ami  traverse  cell  membranes  (7). 

In  the  presence  of  trace  amounts  of  transition  metal  (M) 
ions  (i.e.,  FcJ\  CuM)  found  in  biological  systems  (#),  H-Oj 
can  participate  readily  in  Fenton-like  reactions  ( 9 ,  10 )  re¬ 
sulting  in  the  production  ofOl  I  (sec  reaction  below) 

M"*  +  HjOj-w  M1"’1"  +  OH  +  *OH. 

Hydroxyl  radicals  have  been  implicated  as  the  causative 
age^*  in  deleterious  processes  such  as  gene  mutation  (//), 
cell  transformation  {12),  and  cell  death  {13).  Hence  recent 
interest  has  focused  on  examining  the  role  of  H-O-  in  the 
induction  of  cellular  injury  and  DNA  damage  (/4).  Current 
evidence  suggests  that  under  physiological  conditions  (i.e., 
pH  7)  iron  or  copper  ions  interact  with  H-Oj,  forming  a 
metal-peroxo  complex  composed  of  tctravalent  (ferry!) 
iron  or  tri valent  copper  {15. 16).  This  metal-peroxo  species, 
while  not  au  thoroughly  studied  as  *OH,  appears  to  exhibit 
properties  similar  to  *OH.  Transition  metal-hydrogen  per¬ 
oxide  complexes  may  react  directly  with  a  substrate,  as 
demonstrated  under  acidic  conditions  for  Cu  *  by  Masarwa 
and  colleagues  {IS).  Alternatively,  they  may  hydrolyze  to 
produce  *OH  under  aqueous  conditions  as  suggested  by 
Whiibum  {17),  and  demonstrated  under  acidic  conditions 
forCr1’  {15). 

H-0--induced  degradation  of  DNA  in  vitro  and  in  vivo 
has  been  demonstrated  by  decreases  in  DNA  viscosity  {18), 
increases  in  both  single-strand  {18-23)  and  double-strand 
DNA  breaks  {18),  formation  of  ammonia  and  inorganic 
phosphate  (24),  and  base  release  (25).  In  addition  to  these 
alterations  within  the  sugar  phosphate  backbone  of  DNA, 
H-O-  or  its  reactive  radical  byproducts  are  reported  to  react 
with  DNA  bases,  resulting  in  both  the  less  of  ultraviolet 
light  absorb  oce  {18)  and  the  formation  of  altered  bases  (6, 
26-28).  However,  the  yield  of  H20--induced  base  modifi¬ 
cation  has  been  shown  to  predominate  over  that  of  single¬ 
strand  break  formation  in  DNA  by  ~20-  to  60-fold  as  mca- 
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sured  by  decrease;  in  absorbance  at  260  nm  ( IS)  and  by  the 
formation  of5.6-saturatcd  thymine  products (27). 

In  this  investigation,  methodology  incorporating  gas 
chromatography- mass  spectrometry  with  selected  ion 
monitoring  (GC-MS/SIM)  was  used  to  reveal  a  wide  spec¬ 
trum  of  base  products  in  DNA.  which  result  from  HjO*  ex¬ 
posure  (29).  and  which  are  characteristic  of  those  produced 
in  DNA  upon  exposure  to  ionizing  radiation  (M  J/h  In 
addition,  studies  were  performed  to  examine  the  mecha¬ 
nism  of  IKb-induccd  damage  to  DNA.  which  has  been 
suggested  to  involve  a  site-specific  reaction  (J.  JJ.  JJ)  cata¬ 
lyzed  by  trace  quantities  of  transition  metal  ions  bound  to 
DNA  LU). 

MATERIALS  AND  METHODS' 

\  M&mU  llwliogcn  peroxide.  calf  th>  mux  DNA.  ami  ultra-pure  calf 
thymus  DNA  were  obtained  fmm  Sigma  Chemical  (  w  SpcetralVr  dialysis 
membranes  were  purchawd  from  Arthur  1 1  I  homax  Co  Water  purified 
iHi.nigh  a  Milltpore-Q  xxdcnt  wax  und  for  all  putpoxex,  Aectoniiiilc  am) 
NutrimcihshiKlHfilluoroacciamHlc  iBHI  I  Al  containing  lr*  inmethxl- 
chktroxtbnc  were  purchased  from  Pierce  Chemical  Co  Ihmcthvl  sulfoxide 
iDMSOlwaxohtaiiKd  from  Eaxtmanand  wax  -W-  mwc. Metal mneheb- 
tors.  which  were  of  highest  punts.  were  cthylencduminctciraaeciic  acid 
il  DIM  tlntcrnaiinnal  Hwtcv'hnotogics,  Inel.  diethyk-nctriamincpcnta- 
swells  acid  ilM  I  Al'Al  j  (Aklneh).  ami  deferoxamine  mexybte  (dcdcral) 
(( tha-<»eigx  C  orpi, 

II  O  Name  calf  th-nui>  DNA  wav  dtxvtbcd  in  XI  mmol 

dm  *  phosphate  buffer  tpl  1 7  Jiatafinalconxeniratioflof ‘•■O.Jmgem 
In  designated  experiments  the  mclal  time  present  in  ihe  DNA  solutions 
were  chelated  bx  treatment  (or  that  room  temperature  with  l;l)TA.  DE- 
TAP  A<  .  or  sfedcral at  a  final chelator  eoiHtmiration  of  I  mmol  dm  ‘.Chc- 
btors  arc  elleetive  scavengers  of  radical  species  (.(*!.  and  hence  were  re¬ 
moved  along  with  the chelator-metal  nm  complexes  by  cxhaustixedulysis 
using  -  10*  mokvular  weight  cutoff  membranes  with  X)  mmol  dm  ‘phos¬ 
phate  bufferlpll 7  2l  prior  to  11*0*  exposure*  Complete  removal  of  the 
chelators  wax  confirmed  hv  us  spectral  measurement*  of  the  resultant 
DNA  solution 

Solutions  of  name  DNA  (0  s  mg  vc.  *J  were  exposed  to  designated  con- 
eenlraiHinsof  1 1-0.  while  saturated  with  air  I  he  reaction  of  ll-O-  with 
DNA  was  terminated  hv  the  addition  of  catalase  I  Worthington  Biochemi¬ 
cal  (orp.  Cal  No  IM) 

.Xt/m/’/c/v^s/r./iirui  r.K-r.c  MS/SISI  umileni  The  protocol  and  con¬ 
ditions  used  to  prepare  samples  for  CK'-MS/SIM  analysts  were  described 
pres  musts  t.l/t  Briefly.  Il>0-Ireated  and  control  DNA  solutions  were  da- 
Is/ed  eshausinely  against  water  to  remosc  phosphate  buffer  salts  using 
-  lit*  Molecular  weight  cuiofT  membranes,  following  dialysis,  the  DNA 
consenlratmn  for  each  aliquot  was  determined  hy  uvahsorbamx  measure¬ 
ments  at  ’60  nm  or  hv  Hutton's  assay  f.Mj  as  described  below.  Aliquots 
of  the  remaining  solutions  were  then  lyophilircd.  Internal  standards  (6* 
a/athsmme  ami  X-a/aadenme)  were  added  to  the  dried  samples,  which 
were  then  hydroly/cd  with  I  ml  of  KK*.  formic  acid  ( 1 JOT.  40  min),  Tlie 
hsdroissatc  was  dried  and  then  tnmethylsilyblcd  in  PTFE-capped  Hypo- 
sials  then?  Chemical  C  o, I  with  0  2  ml  of  HSI  l  A/aectonitnlc  (S/I.  v/v) 
mivture  for  JO  mm  at  I  Xl'C 


■  Mcntmn  of  commercial  products  does  not  imply  recommendation  or 
endorsement  hy  Ihe  Armed  Forces  Radtobwlogy  Research  Institute  or  the 
National  Institute  of  Standards  and  Technology,  nor  does  it  imply  that 
products  identified  are  neeessanly  ihe  best  available  for  the  purpose. 
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FIG.  I.  Jwlevicd-ioft  chromatogram  of  a  mixture  of  tnmcthyhdy  bled 
purine  ami  pyrimidine  products  resulting  from  the  exposure  o', DNA  to 
1 1  A*  fix  24  h  The  ton  monitored  for  each  product  O'er  the  time  (min)  in 
which  that  product  elutes  is  shown  above  each  peak,  Peak  Identification  is 
given  in  Table  I 


f»t ’•  USySIM  irmi/niv  All  measurements  were  perlormed  on  a  Hew- 
ktt-Paekard  Mode!  J970H  mas*  selective  dcicclor  eonirolled  b>‘  a  Hew¬ 
lett-Packard  Model  5997C  computer  work  station  and  inleriked  to  a 
Hewlett-Packard  J890A  gas  chromatograph.  T  he  injection  port  and  the 
ton  VHirce  were  kept  at  2MPC  The  CiC-MS  interface  was  maintained  at 
2?ftT.  Separations  were  carried  out  on  a  fused  silica  capillary  column  ( 1 2.5 
m  «  0.J2  mm)  coated  with  eroulmked  }%,  phenyl  methyl  sibeone  gum 
phase  (film  thickness.  ().17pmt  (Hewlett-Packard).  The  column  tempera¬ 
ture  was  increased  from  1 20  to  2  JOT  at  a  rate  of  XT  per  min  after  2  min 
at  I20T*.  Helium  was  used  as  the  carrier  gas  at  an  inlet  presaure  of  5  kPa, 
Samples  were  injected  using  the  split  mode.  Mass  spectra  were  obtained  at 
70  cV, 

.Wrtjorrermwf  nfpntJmi  s  rrA/s  Product  yields  were  determined  as  de¬ 
scribed  previously  (.(/).  Briefly,  quantitation  of  hn*c  damage  products  re¬ 
quired  accurate  measurement  of  the  amount  of  altered  base  present  vb- 
use  to  DNA  content.  The  amount  of  DNA  present  in  each  sample  was 
determined  hy  uv  absorbance  at  260  nm  or  by  Burton's  assay  (J6).  The 
amount  of  DNA  was  similar  in  both  measurements. 

Quantitation  of  the  amount  of  punoe  and  pyrimidine  product  detected 
incorporated  Ihe  use  of  internal  standards.  Relative  molar  resoonse  (actors 
were  obtained  using  these  internal  standards  and  authentic  pure  standards 
of  the  various  products  (J/).  Since  acidic  hydrolysis  causes  tsomervatkm 
of  tiv-lhymine  glycol  to  /rum-thymine  glycol  (.17),  the  yields  reported  for 
these  products  represent  the  sum  of  rtt*  and  foMS-thymine  glycol.  TTie 
yields  of  cytosine  glycol  were  determined  as  the  sum  of  J-h>s!ro*yuracil 
and  J-hydroxyeytosine  as  described  previously  (.77). 

RESULTS 

1 1  jO?  induced  pyrimidine  and  purine  products  in 
DNA.  Exposure  of  DNA  to  H20-  in  air-saturated  solu¬ 
tions  resulted  in  the  formation  of  several  purine  and  pyrimi¬ 
dine  products.  Figure  I  illustrates  the  ion-current  profiles 
obtained  during  a  GC-MS/SIM  analysis  of  the  trimethylsi- 
lylatcd  hydrolysate  of  DNA  treated  with  H-0-.  The  prod¬ 
ucts  identified  were  as  follows:  cis-  and  Irons- 5,6-dihy- 
droxy-5,6-dihydrothymine  (thymine  glycol);  5,6-dihy- 
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TABLE  I 

Peak  l(knlificsik>n  in  Fig.  I 


BLAKELY  ITT  AL 


Peak 

Compound* 

t*Uk 

Compound* 

1 

ft*\/athymm< 

6 

X-A/aadeninc 

2 

MIvvlfimuRKil*' 

? 

FAPyatlcninc 

4 

MtvUfOvvvyvtiKtnc' 

8 

JLHydrocjadcninc 

4 

tiivHhvmincghvu) 

*) 

FAlVguanlnc 

X 

(iMdOthvmuvc  glycol 

19 

JMlydroxyguanlne 

‘  AMheirumKihvHtlvIvkmativts. 

*  ‘Mlvdnmuractl  is  a  pfodtKi  of  (be  ao>Limlu«d  dcantlnatKMi  ami 
dehydration  of  e>  u*»nc  glyvol. 

’  CHvdrovvv>u>$tiK  w  a  product  of  the  actd-mduced  dehydration  of 
CVtOMtKglveol 

droxy-5,6-dihydrocytosinc  (cytosine  glycol)  (which  is 
represented  by  5-hydroxyeytosinc  and  S-hydroxyuracil 
(i?)):  4.6-<liamino-5-formamidopyrimklinc  (FAPy-ade- 
nine):  fi-amino-8-hydroxypurine  (8-hydroxyadenine);  2,6- 
diamino-4-hydroxy-5.|c>fmamidopyrimidinc  (FAPy-gua- 
nine):  and  2-amino-6.8-dihydroxypurinc  (8-hydroxygua- 
nine).  Two  additional  peaks  corresponding  to  the  internal 
standards.  6-azathymine  and  8-azaadcnine.  are  also  illus¬ 
trated  in  Fig.  I.  (See  Table  I  Tor  peak  identification  in 
Fig.  I.) 

The  purine  and  pyrimidine  products  illustrated  in  Fig.  1 
were  also  detected  in  untreated  DNA  samples,  however, 
their  yields  were  relatively  low,  compared  to  those  found  in 
DNA  exposed  for  24  h  to  concentrations  of  HjO»  in  the 
range  of  0. 1  to  0.4  mol  dm  '.  Figure  2A  illustrates  that  the 
yields  of  pyrimidine  glycols  increased  linearly  with  HjOy 
concentration.  The  ratio  of  the  yield  of  thymine  glycol  to 
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H202  Concentration.  mol  dm  *3 


FIG.  2.  Product  formation  in  air-suturjtcd  solutions  of  native  DNA 
e.vposcd  to  SLQ;  for  24  h.  A.  pyrimidine  products. (•)  thymine  |lycol.  (■) 
cytosine  glycol.  B,  purine  products.  (•)  FAPy-adcnine.  (□)  8-hydro\y- 
gujnine.M)FAP>-gujnme.(0).8-h>dro\yadenine.Each  data  point  repre¬ 
sents  the  mean  i-  standard  error  from  three  replicate  experiments;  the  data 
were  fitted  by  least-squares  linear  regression  analysis. 
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FIG.  3.  The  etlect  of  dimethyl  sulfoxide  on  M-Oi-indaeod  DNA  b*»e 
damage,  the  relative  yields  of  thymine  glycol  (A)  and  S-hydrovyguanine 
(II)  following  exposure  of  DNA  lo  the  following  condition*:  untreated 
(control)  and  24  h  H;O;(4O0  mmol  dm  ’)  with  the  designated  concv  ntra- 
tkms  of  DMSO.  Each  data  point  represents  the  mean  (s  standard  error) 
from  three  .'plicate  experiment*. 


that  of  cytosine  glycol  was  6.4  x  0.22.  The  yield  of  the  pu¬ 
rine  products  was  also  linearly  related  to  HjOj  concentra¬ 
tion.  The  yield  of  FAPy-adenine  was  16  ±  1.3-fold  higher 
than  that  of  8-hydroxyadeninc.  This  pattern  was  reversed 
for  guanine  products,  lor  which  the  ratio  of  the  yield  of  8- 
hydroxyguanine  to  that  of  FAPy-guanine  was  3.4  ±  0.28 
(Fig.  2B). 

Exposure  to 0.4  mol  dm')  H-O.  for  24  h  resulted  in  —21 
altered  bases  per  10J  nucleotides  of  DNA,  which  represent 
less  than  2.5%  of  the  DNA  nucleotides  available.  Correcting 
for  the  known  base  composition  of  calf  thymus  DNA  (38), 
the  relative  susceptibility  of  the  DNA  bases  to  modification 
by  exposur  to  H:0.  was  as  follows:  cytosine  (5.4%)  <  thy¬ 
mine  (24.4%)  <  adenine  (32.3%)  <  guanine  (38%). 

Effect  if 'OH  scavenger.  The  effect  of  DMSO,  a  hy¬ 
droxyl  radical  scavenger,  on  H}Orinduced  base  damage 
was  examined.  When  DNA  was  treated  with  HjO»  in  the 
presence  of  10  mmol  dm*J  DMSO,  there  was  a  40  to  60% 
reduction  in  all  products  measured.  Further  increases  in 
DMSO  concentration  did  not  reduce  the  yields  of  these 
products.  As  an  example,  this  effect  is  illustrated  in  Fig.  3 
for  thymine  glycol  and  8-hydroxyguanine. 

Effect  of  pretreating  DNA  with  cheiators.  The  influence 
of  DNA-bound  metal  ions  on  H:Ox-induced  base  damage 
was  investigated  by  examining  the  effect  of  DNA  pretreat- 
ment  with  transition  metal  ion  chelators.  In  these  experi¬ 
ments,  chelator-treated  DNA  solutions  were  dialyzed  ex¬ 
haustively  to  remove  low-molecular-weight  compounds, 
including  the  metal  ion-chelator  complexes.  Pretreatment 
of  DNA  with  dttferal,  EDTA,  or  DETAPAC  inhibited  for¬ 
mation  of  purine  and  pyrimidine  products  in  HxOx-treated 
DNA.  Figure  4  illustrates  these  results  for  thymine  glycol 
and  8-hydroxyguanine. 
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HjOj  «  HjOj  MjOj  4-  MjOj 

EIG.  4.  The  effect  of  ptctfcatmeM  of  DNA  with  ihc  metal  km  chela¬ 
tor*  EDTa.  DETAEACCDETAK  and  tlofcral  UX.S)  on  the  telativ;  yields 
of thy mine glycol (A) ami  Xhsdr«\\guaninc(H),  the yields of products in 
untreated  (eonirol)  DNA  arc  shown;  all  tuber  »mpk>  '•ere  ircateo  with 
It  .O.ftdkmingprtfrcatttKm  with  tlKdcvgnaicd  chelator  1 1  mmol  dm  ’), 
Each  data  point  represents  the  mean  ( »  standard  error)  from  three  replkate 
experiments. 


DISCUSSION 

Hydrogen  peroxide  participates  in  a  Fenton-type  reac¬ 
tion  with  transition  metal  ions  (c.g.,  iron  and  copper), 
which  are  readily  bound  to  DNA  in  trace  quantities  (for  a 
review  sec  latatt  c? «...  U4)).  Hence  Fenton  reaction-pro¬ 
duced  hydroxyl  radicals  (39)  formed  in  this  manner  is  close 
to  reactive  centers  in  the  purine  and  pyrimidine  moieties  of 
DNA.  Reactions  of  this  type  that  result  in  DNA  damage 
have  been  characterized  as  exhibiting  a  “site-specific*'  na¬ 
ture  (.?.  32. 33).  This  study  provides  the  first  detailed  com¬ 
parison  of  the  major  DNA  base  products  formed  following 
HjO*  exposure  of  DNA  in  aqueous  solution  with  no  added 
metal  ions.  The  pattern  of  the  products  observed  was  sim¬ 
ilar  to  that  of  base  products  identified  following  the  expo¬ 
sure  of  DNA  in  aqueous  solution  to  ionizing  radiation  0. 
30. 31.  -10)  or  to  superoxide  radical-generating  systems  (41. 
42).  In  the  present  work  the  likelihood  of  the  involvement 
of  “OH  in  product  formation  is  strongly  supported  by  the 
ability  of  DMSO  to  reduce  the  yields  of  H>02-induccd  base 
products  significantly. 

Dimethyl  sulfoxide  has  been  shown  to  reduce  the  yield  of 
H>0 '-induced  single-strand  breaks  in  DNA  in  viiro(20, 21) 
as  well  as  DNA  in  vivo  (23).  Lcsko  tf  at.  (43)  demonstrated 
that  DMSO  was  also  effective  at  inhibiting  FcIt-EDTA/ 
H20:-induced  DNA-protcin  and  DNA-intrastrand  cross- 
linking  in  isolated  chromatin.  The  results  of  this  present 
study  extend  these  findings  by  including  the  individual 
products  of  all  four  bases  in  DNA.  However,  in  contrast  to 
DMSO’s  ability  to  inhibit  >90%  of  DNA  single-strand 
break  formation  in  isolated  DNA  exposed  to  H202  (20. 21), 
wc  found  an  inhibition  of  product  formation  by  40  to  60%, 
even  at  the  highest  scavenger  concentration  (I  mol  dm-1). 
This  finding  is  consistent  with  a  failure  of  the  radical  scaven¬ 


ger,  DMSO,  to  react  with  radicals  formed  at  the  location  of 
the  metal  ion-mediated  site-specific  reaction. 

The  reduced  yields  of  H:Or»nductd  products  to  back¬ 
ground  levels  in  DNA,  which  were  freed  from  metal  ions  by 
treatment  with  EDTA,  DETAPAC,  or  desfcral  via  exhaus¬ 
tive  dialysis  prior  to  HjO*  treatment,  also  strongly  support 
the  concept  of  a  site-specific  reaction.  This  also  indicates 
th*t  Hj05  alone  has  no  measurable  reactivity  with  DNA,  in 
terms  of  the  base  products  measured  in  this  study.  Inhibi¬ 
tion  of  HjO-- induced  single-strand  breaks  in  DNA  via  pre- 
treatment  of  DNA  with  various  chelators  has  also  been 
demonstrated  using  plasmid  DNA  (20)  and  isolated  nuetci 
(19. 22).  Our  results  agree  with  these  findings  and  support 
the  hypothesis  that  chelators  eliminate  an  essential  factor, 
presumedly  trace  quantities  of  metal  ions,  required  to  elicit 
HjOi-induccd  damage  to  DNA  bases, 

Lcsko  a  til.  (20)  argued  that  the  effectiveness  of  the  chela¬ 
tors  in  inhibiting  DNA  strand  breaks  induced  by  oxygen 
species  was  correlated  to  their  chelating  ability.  In  this 
study,  high  concentrations  of  the  chelators  were  used. 
Hence  marked  differences  in  the  effectiveness  of  the  chela¬ 
tors  were  not  observed. 

In  summary,  the  mechanism  of  HjO'-induccd  DNA 
damage  appears  to  involve  a  role  for  transition  metal  ions 
hound  to  DNA  interacting  with  H20«,  resulting  in  the  pro¬ 
duction  of  a  reactive  radical  species,  most  likely  'OH.  This 
radical  specks  formed  close  to  the  DNA  interacts  with 
DNA,  forming  purine  and  pyrimidine  products  characteris¬ 
tic  of  those  found  after  the  exposure  of  aqueous  DNA  solu¬ 
tions  to  ionizing  radiation.  These  results  may  help  in  inves¬ 
tigations  of  enzymatic  repair  of  base  damage  using  a  sub¬ 
strate  with  enriched  yklds  of  these  altered  hoses  (44.  4S). 
In  addition,  similar  measurements  have  been  performed  on 
DNA  following  exposure  to  ionizing  radiation,3  whkh  will 
permit  a  direct  comparison  of  product  yield  ratios. 
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Reduction  of  3-Methoxytyramine  Concentrations  in  the  Caudate  Nucleus 
of  Rats  after  Exposure  to  High-Energy  Iron  Particles: 

Evidence  for  Deficits  in  Dopaminergic  Neurons 
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lit  vt,  W.  A.,  Dalton,  T.  K.,  Joskhl  J.  a.,  ano  Raws, 
H.  M,  Reduction  of  3-Mc(hoxytyraminc  Concentre' ions  in  the 
Caudate  Nucleus  of  Rats  after  Exposure  to  High-Energy  I  ton 
Particles:  Evidence  for  Deficits  in  Dopaminergic  Neurons.  #f«- 
dial.  Mrs.  121. 169-174  (1990). 

Exposure  to  low  doses  of  high-energy  iron  particles  can  alter 
motor  behavior.  The  ability  of  rats  to  hang  from  a  wire  has  been 
reported  to  be  significantly  degraded  after  exposure  to  doses  as 
low  as  0.5  Gy.  In  addition,  deficits  in  the  ability  of  acetylcholine 
to  regulate  dopamine  release  in  the  caudate  nucleus  (an  area  in 
the  brain  important  for  motor  function)  have  been  found.  The 
concentrations  of  3-rocthoxytyreminc  (.VMT),  a  metabolite  of 
dopamine  whose  concentrations  reflect  dopamine  release  in 
tiro,  were  measured  after  rats  were  exposed  to  different  doses  of 
high-energy  iron  particles  to  gain  further  information  about  the 
eflect  of  radiation  on  the  dopaminergic  system.  Concentrations 
oO-MT  were  significantly  reduced  3  days  after  exposure  to  5 
Gy  but  returned  to  control  values  by  8  days.  After  6  months, 
concentrations  were  again  less  than  control  values.  Exposure  to 
5  Gy  of  high-energy  electrons  or  y  photons  had  no  r^cet  3  days 
after  exposure.  Very  high  doses  of  electrons  were  needed  to  alter 
3-MT  concentrations.  One  hundred  grays  of  electrons  decreased 
3-MT  30  min  after  irradiation  but  levels  returned  to  control  val¬ 
ues  by  60  min.  Gamma  photons  had  no  eflect  after  doses  up  to 
200  Gy,  These  results  provide  further  evidence  that  exposure  to 
heavy  particles  can  degrade  motor  behavior  through  an  action 
on  dopaminergic  mechanisms  and  that  this  can  occur  after  doses 
much  lower  than  those  needed  for  low-I.ET  radiation,  c  \m 
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INTRODUCTION 

The  prospect  of  long-term  space  travel  raises  a  number  of 
questions  about  the  safety  of  astronauts  ashed  to  venture  on 
prolonged  journeys.  The  problems  of  mkrogravity  are  well 
known,  but  the  hazards  of  exposure  to  radiation  are  less  un¬ 
derstood.  Most  space  travel  has  involved  spending  a  few 
days  to  many  months  in  low-altitude,  equatorial  orbits, 
where  the  dangers  of  radiation  are  lessened  by  the  magnetk 
field  surrounding  the  earth. 

Travel  to  polar  or  geostationary  orbits  or  travel  to  the 
moon  or  the  planets  has  a  far  greater  radiation  hazard.  Al¬ 


though  numerous  studies  have  appeared  whkh  address  the 
life-shortening  possibilities  and  genetk  defects  that  can  re¬ 
sult  from  exposure  to  radiations  found  in  space,  almost 
nothing  is  known  about  possible  risks  to  behavior  and  brain 
function  after  radiation  exposure,  such  as  found  after  the 
emission  of  solar  flares  or  from  long-term  exposure  from 
galact  k  eosmk  radiation.  It  is  possible  that  the  performance 
of  important  tasks  by  astronauts  on  a  spacecraft  may  be 
progressively  degraded  under  these  circumstances  and  that 
their  ability  to  survive  may  be  compromised. 

Solar  flares  are  composed  mostly  of  high-energy  protons 
(/).  However,  during  major  solar  events,  the  flux  of  heavy 
partklcs  can  rapidly  increase  by  3  or  4  orders  of  magnitude 
above  the  galactk  cosmk-ray  background  (2).  Also,  heavy 
charged  partklcs  constitute  about  I  %  of  the  galactk  eosmk 
radiation  with  energies  ranging  to  an  excess  of  10  GeV/nu- 
cleon.  The  importance  of  heavy  charged  partklcs  in  spite 
of  their  low  Rue noc  compared  to  protons  is  the  problem  of 
shklding.  Curtis  and  Wilkinson  (3)  have  calculated  that  as 
much  as  10  g/cm5  of  aluminum  can  reduce  the  absorbed 
dose  of  heavy  partklcs  by  only  20-40%.  Consequently,  the 
possible  deleterious  effects  of  exposure  to  these  partklcs 
cannot  be  ignored. 

Recent  efforts  by  this  laboratory  have  investigated  the 
effect  of  heavy  partklcs  on  behavior  and  neural  function  in 
rats  and  have  revealed  surprising  results.  Exposure  to  high- 
energy  iron  particles  induced  behavioral  changes  and  neu- 
rochemka!  deficits  that  were  at  least  10  times  greater  than 
those  found  after  exposure  to  y  photons.  For  example,  the 
acquisition  of  a  conditioned  taste  aversion  (a  general  mea¬ 
sure  of  behavioral  toxicity  (4))  and  degradation  in  perfor¬ 
mance  on  a  wire  suspension  task  (a  measure  of  upper  body 
strength  (5))  was  apparent  after  doses  as  low  as  0. 1-0.2  Gy 
with  maximal  effects  observed  after  0.50  Gy  (6,  7).  Equiva¬ 
lent  responses  after  y  irradiation  required  at  least  5  Gy. 

The  deficits  in  performance  on  the  wire  suspension  task 
were  correlated  with  a  reduced  ability  of  acetylcholine  to 
regulate  the  release  of  dopamine  in  vitro  in  the  caudate  nu- 
ckus  (an  area  of  the  “rain  important  in  coordinating  move¬ 
ment).  Oxotremorine,  an  acetykboline  agonist,  was  used  to 
enhance  potas&um-stimulatcd  dopamine  release  from 


169 


0OJJ-7JI7/9O  J3.00 
Copyright  C 1990  by  Academic  Pr«*,  lac. 
AM  rights  oT  reproduction  ia  aay  form  reserved. 


170 


hunt  irr  al. 


slices  of  the  caudate  nucleus.  The  release  or  dopamine .  is 
inhibited  by  50%  3  days  after  exposure  to  0.S  Gy  of  iron 
panicles  (7).  However,  a  dose  of  5  Gy  had  no  effect  3  days 
after  exposure  on  the  performance  on  the  wire  suspension 
task  or  on  dopamine  release.  But,  14  days  after  exposure, 
deficits  were  found  in  both  end  points.  Possibly,  other  fac¬ 
tors  were  playing  a  role  in  the  behavioral  and  neural  re¬ 
sponses  observed  3  days  after  exposure  to  the  higher  dose. 

Since  striatal  function  appears  to  be  altered  after  expo¬ 
sure  to  iron  particles,  the  present  experiments  were  con- 
due  cd  to  assess  other  possible  abnormalities  in  dopaminer¬ 
gic  activity  by  studying  the  metabolism  of  dopamine  in  vivo. 
fhe  concentrations  of  the  dopamine  metabolites  dihy- 
droxyphenylacctic  acid  (DOPAC),  homovanillic  acid 
(H VA),  and  3-methoxytyramine  (3-MT)  have  been  used  as 
an  index  of  the  rate  of  utilization  of  dopamine  by  neurons 
that  use  it  as  a  neurotransmittcr  (8).  The  concentration  of 
3-MT,  an  O-methylated  metabolite  of  dopamine,  in  partic¬ 
ular,  has  been  shown  to  correlate  well  with  dopamine  re¬ 
lease  (9, 10).  In  the  present  experiments,  3-MT  concentra¬ 
tions  as  well  as  DOPAC  and  HVA  were  determined  after 
various  doses  of  high-energy  iron  particles  and  at  different 
times  after  irradiation.  For  comparison,  appropriate  paral¬ 
lel  measurements  were  obtained  from  animals  exposed  to 
high-energy  electrons  or  y  photons. 

METHODS 

Male  Spraguc-Duwky  Cri;CD(SD)ltR  rats  (Charfcs  River  Breeding 
Laboratories,  Lingxion.  NY)  weighing  200-  300  g  were  u  in  these  exper¬ 
iments,  Rats  were  quarantined  on  arrival  and  screened  for  evidence  of  dis¬ 
ease  by  serology  and  histopathology  before  being  released  from  quarantine. 
The  rats  were  housed  individually  in  polycarbonate  isolator  cages  (Lab 
Products.  Maywood,  NJ)on  autoclaved  hardwood  contact  becking  ("Beta 
Chip.”  Northeastern  Products  Corp.,  Warrentburg.  NY)  and  were  pro¬ 
vided  commercial  rodent  chow  ("Wayne  Rodent  Mok,"  Continental 
Crain  Co..  Chicago,  It.)  and  acidified  water  (pH  2.5  using  HCI)  ad  libitum 
to  minimize  ftmAvnorwr  infections.  Animal  holding  rooms  were  kept  at 
21  *  l‘C  with  50  *  10%  relative  humidity  on  a  12-h  lighedark  lighting 
cycle  with  no  twilight. 

Iron  particles  were  accelerated  using  the  BEVALAC  at  the  Lawrence 
Berkeley  Laboratory  (Berkeley,  CA)  and  were  delivered  to  a  nominal  ex¬ 
traction  energy  of 600  McV/amu,  This  energy  made  it  possible  to  expose 
animals  in  the  plateau  of  the  Bragg  curve  with  a  residual  range  in  water  of 
8  cm.  Animals  were  irradiated  whole-body  unilaterally  in  wcll-venlilatcd 
restraining  lubes  (8x12  cm)  at  a  rate  that  averaged  I  Gy/rr.in.  The  Son 
beam  was  Gausiian-shaped  with  the  peak  centered  on  the  ion  chambers 
and  the  hea.t.  The  reduction  of  the  dose  to  the  rest  of  the  animal  did  not 
exceed  30%.  Dosimetry  was  performed  as  described  previously  (//).  The 
dole-measuring  ionization  chamber  was  located  at  the  center  of  the  beam 
near  the  animal. 

The  rats  were  irradiated  w  Ith  high-energy  electrons  delivered  from  a  lin¬ 
ear  accelerator  at  the  Armed  Forces  Radiobiology  Research  Institute 
(AFRRI).  Toe  animals  were  irradiated  unilaterally  in  well-ventilated  poly¬ 
ethylene  restraining  tubes  with  electrons  accelerated  to  an  energy  of  18.1 
McV  at  0.44  A.  Pulses  of  about  0.13  Gy  each  w.re  delivered  at  a  rale  of 
15/s,  each  with  a  duration  of  4  m s.  All  doses  were  midline  tissue  dotes. 
Dosimetry  was  performed  using  0.05-cm1  tissue-equivalent  ion  chambers 
that  were  calibrated  by  the  National  Bureau  of  Standards.  Measurements 
indicated  that  the  electron  beam  was  uniform  lo  within  10%. 
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FIG.  I.  Body  weights  at  different  times  after  exposure  to  higA-cnergy 
iron  particles.  Values  arc  expressed  as  grams  and  represent  the  means 
*  SEM.  Each  group  contained  8-10  animals.  *Thc  value  is  significantly 
different  from  control  at  least  at  the  C.CS  level  using  Student's  t  test. 


Gamma  photon  irradiation  was  accomplished  using  a  *^Co  source  at  the 
AFRRI.  The  animals  were  exposed  bilaterally  to  y  photons  at  a  rate  of 
20  Gy/min.  Dosimetry  was  performed  using  paired  50-mi  km  chamber*. 
Delivered  done  was  expressed  as  r  ^tio  of  the  dose  measured  in  a  tissue- 
equivalent  plastic  phantom  each-  m  a  restraining  tube  to  that  measured 
in  air. 

At  various  times  after  radiation  expos  .re,  the  animats  wen  weighed  then 
decapitated,  and  the  brains  were  excised.  The  caudate  nudei  were  cbtained 
by  blunt  detection  on  an  ice-coid  metal  plate.  A  midsaggita!  cut  was  made 
through  the  brains  and  each  lateral  ventricle  was  opened  to  locale  the  stri¬ 
ated  caudate  nuclei.  They  were  easily  scraped  out  using  as  the  lateral 
boundary  the  white  matter  separating  the  nuclei  from  the  cerebral  cortex. 
Tissue  .samples  were  immediately  frown  on  dry  ke  for  about  2  h.  To  mini¬ 
mize  day-to-day  variation,  tissue  from  sham-irradiamd  controls  was  ob¬ 
tained  in  the  same  manner  each  day  at  tissue  from  irradiated  animate. 

The  frozen  tissue  samples  were  homogenized  in  40  vol  ofice-cotd,  0.4 
N  perchloric  acid  containing  0.05%  sodium  nwtsbbulfiteandO.IHEDTA. 
All  the  samples  were  centrifuged  at  40,CuOg  for  20  min  and  the  superna¬ 
tants  filtered  through  0.2-pm  Mctucd  membrane  fibers.  The  samples  were 
then  stored  at -80*C. 

Each  sample  was  analyzed  *rithin  30  days  for  the  concentrations  of  dopa¬ 
mine  and  its  metabolites  v  ,tg  automated  high-performance  liquid  chro¬ 
matograph  y«  described  t--revk>usly(/ 2).  The  HPLC  consisted  of  i  Varian 
Model  5000  ternary  chromatograph,  a  Varian  Vista  401  Data  system,  a 
Varian  Model  8055  Autosampler,  and  an  air-actuated  injector  with  a  SO- 
pl  loop. 

On  the  day  of  analysis,  the  samples  were  thawed  and  50  *d  of  the  filtrate 
witho*  —  “  purification  was  injected  onto  a  Waters,  10-prn  particle, 
pBore  pak  Cn  reverse-phase  column  (30  X  0.39  cm).  The  mobile  phase 
consisted  of r  mM  1-hepUnesulfonicacid,  100  mM EDTA, and  l%(v/v) 
acetonitrile,  ./offered  to  pH  3.5.  Five  minutes  after  the  injection  of  the 
sample,  a  second  mobile  phase  containing  20%  acetonitrile  instead  of  1% 
was  added  as  a  linear  gradient  over  the  next  25  min.  The  peaks  were  de¬ 
tected  with  a  Bioanaiytical  Systems  L-4  ampcromctric  detector  using  a 
glassy  carbon  electrode.  The  detector  potential  was  set  al  0.72  V  versus  a 
Ag/AgG  reference  electrode  with  a  sensitivity  of  20  nA/V.  The  areas  under 
the  peaks  were  compared  to  those  of  standards  using  the  computer  in  the 
Data  system.  Concentrations  were  expressed  as  picomolcs  per  milligram 
of  protein.  Protein  concentrations  in  the  original  homogenates  were  deter¬ 
mined  by  the  method  of  I  x>wry  rtal.{!3). 
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I’Ki.  2.  Concentration*  of  3-MT  m  the  caudate  nuckus  after  a  vngk 
do*  of  high-energy  iron  |xm*'ki  Values  ate  expressed  as  picomoks  per 
milligram  of  protein  ami  represent  the  means  *  SEM  Each  grou,~  con* 
tainesl  X- 10  animals,  *  The  salue  is  signifituMly  different  from  control  at 
least  at  the  0.05  ksel  using  Stikknl’sitest 
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FIG.  3.  Concentrations  of  3*MY  in  the  caudate  nuckut  at  ditkrsnt 
times  after  a  5-Gy  dote  of  high-energy  iron  pankks.  Values  arc  esprwatd 
as  pieomoks  per  milligram  of  protein  and  represent  the  means  ±  SEM. 
Each  group  contained  3-10  animals.  *  the  value  is  significantly  different 
from  control  at  kast  at  thcO.OS  ksel  using  Student's  (lest. 


RESULTS 

Exposure  lo  high-energy  iron  particles  hud  little  effect  on 
the  general  behavior  of  >he  animals.  However,  after  the 
highest  dose  (5  Gy)  the  animals  did  not  gain  weight  at  the 
same  rale  as  controls.  The  weights  of  the  irradiated  animals 
were  significantly  less  lhan  those  of  controls  36  h  to  6 
months  after  irradiation  (Pig.  I ).  No  effect  on  body  weight 
wa$ob$crvedaftcrcxposuretoQ.5or  i  Gy  (data  not  shown). 

Dopamine  metabolism  in  the  caudate  nucleus  was  sig¬ 
nificantly  altered  after  exposure  lo  high-energy  iron  parti¬ 
cles.  Three  days  after  irradiation,  a  dose  of  5  Gy  reduced 
3-MT  concentrations  by  47%  (Fig.  2).  DOPAC  and  HVA 
concentrations  were  also  reduced  but  to  a  lesser  extent  (Ta¬ 
ble  I).  No  change  in  dopamine  concentrations  was  ob¬ 
served.  Doses  of  0.5  and  I  Gy  were  ineffective.  Also,  no 
effect  was  observed  in  any  of  the  substances  measured  at 
earlier  times  (data  not  shown).  The  reduction  in  3-MT  con¬ 
centrations  was  not  long-lived  and  disappeared  by  8  and  14 
days  after  irradiation  (Fig.  3).  However,  by  6  months  after 
irradiation  3-MT  concentrations  were  again  less  than  con¬ 
trol  values. 

Since  previous  results  from  our  laboratory  suggest  that 
iron  particles  are  significantly  more  effective  than  high-en¬ 
ergy  electrons  or  y  photons  in  inducing  behavioral  and  ncu> 


TABLE  I 

DOPAC.  IIVA,  and  Dopamine  Concentrations  in  the  Cau¬ 
date  Nucleus  3  Days  after  a  5-Gy  Dose  of  High-Energy  Iron 
Particles 


DOPAC 

IIVA 

Dopamine 

Control 

67.1  +5.0 

43.4  +  2.5 

536  ±11.1 

Irradiated 

50.6  +  3.1* 

31.3  *  1.8* 

540  ±25.4 

A’orc  Each  value  represents  the  mean  +  SEM  of  10  animals. 

*  The  value  is  significantly  different  from  control  at  kast  at  the  0.05 
kvel  using  Student's  ( test. 


ral  changes  in  rats  (6,  7),  experiments  were  undertaken  to 
determine  if  equivalent  alterations  in  striatal  3-MT  concen¬ 
trations  could  be  observed  3  days  after  exposure  to  the  two 
low-LET  radiations.  The  results  of  these  experiments  indi¬ 
cated  that  no  significant  differences  occurred  in  the  concen¬ 
trations  of  3-MT  after  exposure  to  5  Gy  of  either  high-en¬ 
ergy  electrons  or  y  photons  (Fig.  4). 

To  determine  whether  higher  doses  of  low-LET  radiation 
could  alter  3-MT  concentration^  nits  were  exposed  to  high- 
energy  electrons  :n  doses  of  1 5, 50,  and  1 00  Gy.  Thirty  min¬ 
utes  after  exposure,  the  concentrations  of  3-MT  were  sig¬ 
nificantly  reduced  in  the  caudate  rxlcus  (Fig.  5).  Similar 
results  were  found  for  DOPAC  and  HVA  concentrations 
(Table  U).  Again,  no  effect  on  dopamine  concentrations 
were  observed.  The  reduction  in  metabolite  concentrations 
were  found  only  after  50  or  100  Gy  of  radiation  and  was 


FIG.  4.  Concentrations  of  3-MT  in  the  caudate  nucleus  after  a  5-Gy 
dose  of  y  photons  or  high-energy  electrons.  Values  are  expressed  as  pico- 
moks  per  milligram  of  protein  and  represent  the  means  ±  SEM.  Each 
group  contained  9- 1 2  animals. 
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FIG.  5.  Concentrations  of  3-MT  in  (he  caudate  .luelcus  30  min  after 
a  single  dove  of  high-energy  ekclrons,  Values  arc  c*p«t»*ctl  as  pkomolcs 
per  milligram  of  protein  anil  represent  the  means  *  SUM.  Each  group  con* 
tained  6-10  animals.  *Thc  value  is  significantly  different  from  control  at 
least  at  the  0.03  level  using  Student's  f  test. 


transient  in  that  3-MT  concentrations  could  be  observed 
only  at  30  min  alter  irradiation,  not  at  10  and  60  min  (Fig. 
6).  For  comparison,  striatal  3-MT  concentrations  were  de¬ 
termined  after  exposure  to  7  photons.  Even  a  dose  of  200 
Gy  was  ineffective  in  significantly  altering  3-MT  concentra¬ 
tions  (control,  9.45  ±  0.90;  irradiated,  7.61  ±  0.97;  7* 
>  0.05).  (No  measurements  could  be  made  3  days  after  ex¬ 
posure  to  either  low-LET  radiation  because  the  animals  did 
not  survive.) 


DISCUSSION 

Ionizing  radiation  in  general  has  been  shown  to  degrade 
motor  behavior  in  rats.  For  example,  performance  on  an 
accelerating  rod  has  been  reported  to  be  significantly  im¬ 
paired  during  the  first  30  min  after  exposure  to  high  doses 
of  7  photons  or  high-energy  electrons  {14).  In  addition, 
electrons  have  been  found  to  be  more  effective  than  pho¬ 
tons  in  degrading  behavior  {14.  15).  Under  similar  experi¬ 
mental  conditions,  3-MT  concentrations  were  also  reduced, 
requiring  at  least  50  Gy  of  high-energy  electrons  for  an 
effect.  Photons  induced  no  significant  alterations  even  after 
200  Gy.  In  addition,  exposure  to  100  Gy  of  high-energy 
electrons  increased  potassium-stimulated  dopamine  release 


TABLE  II 

DOPAC,  IIVA,  and  Dopamine  Concentrations  in  the  Cau¬ 
date  Nucleus  30  Min  After  a  100-Gy  Dose  of  High-Energy  Elec¬ 
trons 


DOPAC 

IIVA 

Dopamine 

Control 

69.3  *  2.0 

67.7*2.8 

644  *29.0 

Irradiated 

51.8*2.1* 

54.7*2.9* 

726*34.1 

Note  Each  value  represents  the  r.iean  ±SEM  of  seven  animals. 

*  The  value  is  significantly  different  from  control  at  least  at  the  0.05 
level  using  Student's  l  test. 
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FIG.  6.  Concentration*  of  3-MT  in  the  caudate  nucleus  at  different 
times  after  a  100-Gy  doac  of  high-energy  electron*.  Values  art  expraned 
as  picomolc*  per  miltignm  of  protein  and  represent  the  means  *  SEM. 
Each  group  contained  7-10  animals.  *Thc  value  is  significantly  different 
from  control  at  least  at  the  0.03  level  using  Student's  r  test. 


in  vitro  {1 6).  These  results  suggested  that  exposure  to  ioniz¬ 
ing  radiation  has  a  deleterious  effect  on  motor  performance 
and  that  this  effect  may  be  mediated  by  dopaminergic 
mechanisms  in  the  caudate  nucleus. 

The  data  presented  here  support  the  hypothesis  that  ex¬ 
posure  to  heavy  particles  also  significantly  alters  striatal  do¬ 
paminergic  mechanisms  but  docs  so  at  much  lower  doses 
than  those  required  for  low-LET  radiations.  In  previous  ex¬ 
periments,  exposure  to  0.1-5  Gy  ofhigh-energy  iron  parti¬ 
cles  disrupted  a  motor  task  and  significantly  depressed  stria¬ 
tal  oxotrcmorine-enhanccd,  potassium-stimulated  dopa¬ 
mine  release  in  vitro,  an  effect  that  lasted  at  least  14  days 
(7).  The  results  of  the  present  study  indicate  that  doses  of  5 
Gy  of  high-energy  iron  particles  induced  a  short-lived  re¬ 
duction  3  days  after  exposure  in  the  concentrations  of  3- 
MT  (an  index  of  dopamine  release  (9, 10))  as  well  as  those  of 
DOPACand  HVA  in  the  caudate  nucleus.  This  observation 
supports  the  idea  that  the  exposure  to  radiation  lowered  the 
turnover  and  release  of  dopamine.  However,  since  the  ac¬ 
tivity  of  the  enzymes  responsible  for  the  metabolism  of  do¬ 
pamine  was  not  measured  in  this  study,  it  cannot  be  ruled 
out  that  the  effects  observed  are  not  due  to  an  action  of  radi¬ 
ation  on  these  enzymes.  The  effect  of  radiation  on  3-MT 
concentrations  appears  to  be  specific  to  the  caudate  nu¬ 
cleus,  si  nee  equivalent  responses  were  not  observed  in  other 
brain  regions  (data  not  shown). 

It  has  been  demonstrated  previously  that  the  synthesis 
and  turnover  of  dopamine  and  the  concentrations  of  dopa¬ 
mine  metabolites  in  the  nigrostriatal  pathways  depend  on 
the  level  of  impulse  flow  through  these  fibers.  When  dopa¬ 
minergic  fibers  are  electrically  stimulated  or  when  drugs 
that  stimulate  impulse  flow  through  these  fibers  are  admin¬ 
istered,  dopamine  synthesis  and  the  concentrations  of  do¬ 
pamine  metabolites  are  elevated  ( 8 ,  9).  On  the  other  hand, 
when  impulse  flow  is  severely  decreased  by  treating  animals 
with  7-butyrolactone  or  by  placing  lesions  in  the  nigrostria¬ 
tal  pathways,  the  rate  of  synthesis  and  concentration  of  do¬ 
pamine  am  elevated  (77),  while  the  concentrations  of  the 
dopamine  metabolites  are  reduced  {10,  18,  19).  Both  of 
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these  effects  arc  prevented  by  pretreatment  with  dopamin¬ 
ergic  agonists  that  stimulate  prcsynaptic  dopaminergic  re¬ 
ceptors  and  arc  augmented  by  dopaminergic  antagonists 
(20-22).  Exposure  to  doses  of  high-  or  low-LET  radiation 
seems  to  have  effects  on  dopamine  metabolism  similar  to 
those  of  y-butyrolactone  treatment  or  nigrostriatal  lesions 
on  striatal  dopaminergic  pathways. 

There  is  other  evidence  using  a  variety  of  approaches  and 
exposure  to  low-I.ET  radiation  that  is  consistent  with  the 
hypothesis  that  ionizing  radiation  can  induce  a  specific  re¬ 
duction  in  the  activity  of  nigrostriatal  dopaminergic  path¬ 
ways.  Since  these  pathways  exert  a  tonic  inhibitory  influ¬ 
ence  on  cholinergic  fibers  within  the  caudate  nucleus  (23- 
2S),  a  reduction  in  this  inhibitory  input  would  result  in  an 
elevated  release  of  acetylcholine.  Exposure  to  ionizing  radi¬ 
ation  has  been  shown  to  increase  in  vitro  striatal  high- 
atfiniiy  choline  uptake  (16),  an  index  of  acetylcholine  re¬ 
lease  (23),  that  is  transient  and  is  observed  only  during  the 
time  course  of  the  alterations  in  dopaminergic  activity  (16). 

Another  approach  involves  electrical  stimulation  of  the 
substantia  nigra  and  lateral  hypothalamus,  which  normally 
increases  locomotor  activity.  Thirty  minutes  after  irradia¬ 
tion  with  100  Gy  of  high-energy  electrons,  nigral  stimula¬ 
tion  is  less  effective  than  lateral  hypothalamic  stimulation 
in  increasing  activity  (26),  suggesting  that  the  nigrostriatal 
fibers  arc  hypoactivc.  In  further  support,  administration  of 
amphetamine  or  apomorphinc,  two  dopaminergic  agonists, 
can  antagonize  radiation-induced  behavioral  depression, 
but  the  dose-response  curves  of  these  agonists  are  shifted  to 
the  right,  indicating  a  reduced  sensitivity  to  the  drugs  (un¬ 
published  observations).  Conversely,  animals  exposed  to 
ionizing  radiation  arc  more  sensitive  U>  dopaminergic  an¬ 
tagonists  (27).  Radiation  exposure  enhances  the  catalcplo- 
genic  effect  of  halopcridol  and  the  ability  of  the  drug  to  stim¬ 
ulate  potassium-stimulated  dopamine  release  in  vitro. 

In  conclusion,  the  data  presented  provide  further  evi¬ 
dence  that  exposure  to  ionizing  radiation  alters  dopaminer¬ 
gic  transmission.  In  addition,  the  effectiveness  of  high-en¬ 
ergy  iron  particles  appears  to  be  at  least  10  times  that  ob¬ 
served  for  low-LET  radiation.  Deficits  in  motor  function 
may  occur  as  a  result  of  these  alterations  in  dopaminergic 
transmission  and  may  be  of  concern  for  long-term  travelers 
in  space.  Whether  the  mechanisms  underlying  the  effects 
after  exposure  to  high-  or  low-LET  radiation  are  the  same, 
given  the  differences  in  time  course  and  sensitivity,  will 
await  the  results  of  further  research. 
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ABSTRACT 

Exposure  of  rats  to  high-energy  Iron  particles  (600  MeV/amu)  has  been  found  to  alter  behavior 
after  dose*  as  low  as  10  rads.  The  performance  of  a  talk  that  measures  upper  body  strength 
wai  significantly  degraded  after  Irradiation.  In  addition,  an  Impairment  In  the  regulation  of 
dopamine  rclcaie  in  the  caudate  nucleui  (a  motor  center  in  the  brain),  lasting  at  least  8 
monthi,  wa*  alio  found  and  correlated  with  the  performance  deficits.  A  general  indication  of 
behavioral  toxicity  and  an  index  of  nauaea  and  tmtaia,  tht  condition*!  taatt  avtraicn,  *aa  alao 
evident.  The  aenaitivity  to  iron  ptrtkks  wa«  10400  timea  greater  than  to  gamma  photon*.  Theat 
reiults  suggest  that  behavioral  and  ncurobiological  damage  may  be  a  consequence  of  exposure  to 
low  doses  of  heavy  particles  and  that  this  possibility  should  be  extensively  studied. 

INTRODUCTION 

Thu  prospect  of  long-term  space  travel  beyond  Earth  orbit  raises  the  question  about  the  safety 
of  astronauts.  Among  potential  haiards  In  space,  radiation  exposure  is  an  important  one  to 
consider  in  setting  safely  standards.  Although  research  has  considered  the  carcinogenic  and 
genetic  consequences  of  Ung-tcrm  exposure  to  radiation,  little  effort  has  been  expended  to 
determine  whether  there  may  be  acute  adverse  effects  of  exposure,  such  as  might  be  founu 
during  a  solar  particle  event. 

Solar  particle  events  are  composed  mostly  of  high-energy  protons.  During  major  solar  events,  the 
flux  of  energetic  heavy  particles  can  rapidly  increase  several  orders  of  magnitude  above  the 
galactic  background.  Also,  heavy  particles  constitute  about  lX  of  the  galactic  cosmic  radiation 
with  energies  ranging  to  an  excess  of  10  GeV/nucleon.  The  importance  of  heavy  particles  in 
spite  of  their  small  abundance  compared  to  protons  is  the  problem  of  shielding.  Consequently, 
the  possible  deleterious  effects  of  exposure  to  these  particles  cannot  be  Ignored. 

The  efficient  performance  of  assigned  duties  in  a  spacecraft  is  important  for  the  successful 
completion  of  a  mission  and  under  some  circumstances  possibly  for  the  survival  of  astronauts 
during  periods  of  emergency.  Thus,  knowledge  of  behavioral  capabilities  and  possible  alterations 
in  brain  function  must  be  acquired  in  order  to  properly  assess  this  question.  An  effort  has  been 
made  in  this  laboratory  to  examine  the  effects  of  high-energy  Iron  particles  on  behavior  and 
brain  function.  The  endpoints  measured  included  a  general  measure  of  behavioral  toxicity  (the 
conditioned  taste  aversion),  which  is  also  an  index  of  nausea  and  entasis,  several  motor  tasks, 
and  neurochemical  endpoints  that  measure  the  release  and  turnover  of  dopamine  from  slices  of 
the  caudate  nucleus.  Irradiations  of  male,  Sprague-Dawley  rats  were  performed  at  the  Bevalac  of 
the  Lawrence  Berkeley  Laboratory  using  the  plateau  region  of  an  iron-58  beam  with  an  energy 
of  800  MeV/arou. 

CONDITIONED  TASTE  AVERSION  LEARNING 

Over  the  course  of  evolution  animals  have  developed  mechanisms  that  help  prevent  accidental 
poisoning,  the  best-known  one  being  the  emetic  response.  Emesis  can  occur  as  a  result  of 
consuming  presumably  tainted  food  that  is  then  expelled  from  the  stomach.  In  addition  to 
emesis,  animals  are  also  capable  of  avoiding  potentially  toxic  substances  after  a  single  ingestion 
of  quantities  less  toxic  than  those  required  to  Induce  vomiting.  This  involves  a  process  called  the 
conditioned  taste  aversion  (CTA).  A  CTA  develops  when  the  animal  associates  the  'vste  of  novel 
tasting  food  with  a  physiological  response,  possibly  related  to  illness,  and  then  subsequently 
avoids  ingestion  of  that  food.  In  a  laboratory  setting,  a  CTA  is  typically  induced  by  pairing  a 
normally  preferred  but  novel  tasting  fluid  with  exposure  to  a  toxin.  The  animal  will  then  avoid 
drinking  the  fluid  when  presented  again. 

The  CTA  paradigm  in  the  rat  can  be  used  as  a  general  measure  of  behavioral  toxicity  and  as  a 
model  to  study  the  mechanisms  by  which  exposure  to  non-lethal  levels  of  ionising  radiation  can 
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product  change*  in  behavior.  Decause  Ihe  functional  effect*  of  emesis  and  taste  aversion  learning 
are  similar,  in  the  sense  that  they  limit  the  intake  and/or  absorption  of  toxic  substances,  It  can 
be  argued  that  the  CTA  paradigm  also  represents  a  model  for  the  study  of  radiation-induced 
nausea  and  emttl*.  Therefore,  the  CTA  can  provide  an  index  of  the  probability  that  nausea  and 
emesis  will  occur. 

The  CTA  induced  by  ionising  radiation  ha*  been  extensively  studied  and  a  clearer  idea  of  how 
it  develops  has  been  emerging  /!/.  The  most  important  discovery  is  the  involvemcjjt  of  a 
specific  nucleus  in  the  brain  stem,  the  area  postrema.  The  area  postrema  has  been  demonstrated 
to  play  a  critical  role  in  the  development  of  CTAs  induced  by  a  broad  range  of  unrelated 
toxins,  and  lesions  placed  in  the  area  postrema  block  these  toxin-induced  CTAs. 

Doses  of  20-50  rads  of  high-energy  iron  particles  Induced  a  CTA,  the  intensity  of  which  was 
dose-dependent  /2/3/,  Exposure  to  gamma  photons,  high-energy  electrons,  or  fission  neutrons  also 
induced  a  CTA,  but  larger  doses  than  with  the  heavy  ion  were  required.  A  maximal  CTA  was 
observed  only  after  exposure  to  500  rads  of  photons  or  electrons,  compared  to  only  SO  rads  for 
high-energy  iron  particles,  suggesting  that  iron  particle*  are  10  times  more  effective  than  gamma 
photons.  The  potency  of  neutrons  was  between  that  of  iron  particle*  and  the  low-LET  radiations. 
In  addition,  similar  to  gamma  photon  Irradiation,  lesions  in  the  area  poetrema  could  block  the 
CTA  induced  by  iron  particles. 

MOTOR  DEHAVIOR 

Previous  studies  have  indicated  that  motor  performance  is  degraded  in  a  dose-dependent  manner 
after  exposure  to  ionixing  radiation,  when  animals  were  placed  on  tasks  for  which  physical 
strength,  endurance,  and  coordination  were  required  (see  review  of  Hunt  /4/j.  These  studies  have 
generally  utilised  radiation  sources  ranging  from  mixed  neutron-gamma  radiation  to  high-energy 
electrons.  The  effect  of  exposure  to  heavy  charged  particles  on  motor  behavior  has  not  been 
studied.  In  an  attempt  to  ascertain  whether  high-energy  iron  particles  will  degrade  motor 
behavior,  animals  were  tested  on  a  battery  of  four  motor  tests  as  described  previously  /5/, 

Exposure  to  iron  particles  induced  deficits  only  on  the  wire  suspension  task  /S/,  Irradiated 
animals  remained  suspended  on  the  wire  for  significantly  shorter  times  than  controls  after 
exposure  to  all  dotes  of  radiation  from  10  to  500  rads.  There  were,  however,  quantitative 
differences  in  performance  among  the  various  irradiated  groups  depending  on  the  doee  and  time 
after  exposure.  For  example,  3  days  after  irradiation,  the  animal*  that  received  M0  rads  did  not 
show  any  deficits  in  performance  on  this  task.  However,  at  •  and  14  days,  per.onnance  on  the 
task  was  significantly  depressed  after  all  dose*. 

NEUROCHEMICAL  STUDIES 

The  precise  locus  of  the  behavioral  deficits  observed  after  irradiation  is  not  known.  There  it, 
however,  a  great  deal  of  evidence  in  non-irradiated  animals  to  suggest  that  the  deficits  in  motor 
behavior  may  be  mediated  by  the  nigrostriatal  system,  on*  of  the  baaic  central  processing  areas 
involved  in  the  mediation  of  motor  behavior.  This  system  appears  to  control  a  wide  variety  of 
motor  responses  ranging  from  the  simple  (balance  and  coordination)  to  the  complex  (the  ordering 
and  sequencing  of  intricate  behavioral  patterns  directed  by  external  stimuli).  Since  the  control  of 
such  complicated  patterns  of  behavior  depends  upon  the  coordination  of  a  host  of 
neurotransmitters  and  neuromodulators,  disruptions  of  the  interactions  among  them,  as  a  result 
of  heavy  particle  bombardment  in  a  apace  environment,  may  result  in  decrements  in  motor 
function. 

Of  the  many  intrastriatal  ncurotransmitter  systems  involved  in  mediating  these  ty^es  of 
behaviors,  two  of  the  more  important  ones  involve  the  neurotranamitters  dopamine  and 
acetylcholine.  These  transmitters  exert  part  of  their  control  through  reciprocal  inhibition. 
Reciprocal  inhibition  is  a  regulatory  mechanism  that  modulates  the  release  of  dopamine.  In  the 
striatum,  this  is  accomplished  through  autoreceptors  on  dopaminergic  terminals,  which  when 
stimulated,  decrease  the  firing  rate  of  the  neuron.  If  these  autoreceptors  are  stimulated  by 
dopamine  agonists  or  inhibited  by  dopamine  antagonists,  dopamine  release  will  be  inhibited  or 
enhanced,  respectively.  The  autoreceptors  are  in  turn  controlled  by  a  group  of  inhibitory 
cholinergic  receptors  of  the  muscarinic  type.  Muscarinic  agonists  activate  these  receptors,  which 
then  inhibit  the  dopamine  autoreceptors,  and  potentiate  dopamine  release  from  the  striatum. 

A  study  of  possible  radiation-induced  reductions  of  autoreceptor  function  related  to  the  deficits  in 
motor  behavior  was  undertaken  with  animals  irradiated  with  iron  particles  / 5/#/.  Analysis  of 
K  -evoked  release  of  dopamine  from  striatal  slices  in  vitro  indicated  irradiation  with  doses  of 
50-500  rads  significantly  increased  release  3  days  later.  {‘these  results  were  similar  to  those 
obtained  shortly  after  irradiaiion  with  10,000  rads  of  high-energy  electrons  /,7/)-  However, 
oxotremorine  enhancement  of  K  -evoked  release  of  dopamine  was  reduced  after  exposure  to 
10-100  rads.  (Preliminary  results  indicate  that  at  least  0000  rads  of  high-energy  electrons  are 
needed  to  have  an  effect.)  Paradoxically,  no  reduction  of  oxotremorine  enhancement  of 
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K+-cvokcd  rekas?  of  &'p»min«  wm  observed  3  dsy*  after  irradiation  with  300  rad*.  Deficit*  did 
not  appear  until  S  and  14  day*  after  irradiation.  Six  months  after  irradiation,  little  recovery  in 
the  deficit*  could  be  observed. 

Interestingly,  the  pattern  of  alteration*  in  oxotremorine-cnhanccd  dopamine  release  paralleled  the 
deficit*  observed  on  the  wire  suspension  task  after  all  doses  of  radiation  studied.  In  fact,  the 
300-rad  group  showed  neither  the  behavioral  deficits  nor  the  reduction  in  dopamine  release  3 
day*  after  irradiation,  while  at  S  and  14  days,  deficits  were  observed  in  both  parameter*.  In 
addition,  iron  particle*  were  at  least  600  times  mere  effective  than  gamma  photon*.  These  effects 
of  high-energy  iron  particle*  are  similar  to  those  found  In  ageing  animals  /!/,  suggesting  that 
irradiation  may  accelerate  the  ageing  process. 

Since  a  300-rad  dose  of  iron  particle*  had  no  effect  on  the  wire  suspension  task  nor  on 
muscarinic  control  of  dopamine  release  3  day*  after  exposure,  other  factors  may  have  played  a 
rote  in  the  response  obtained.  In  support  of  this  possibility,  there  were  general  behavioral  and 
physiological  abnormalities  noted  at  this  time  period.  The  animals  displayed  reduced  muscle  tone, 
hind-limb  tremors,  and  hypothermia  /2/.  However,  by  14  days  after  exposure,  these  signs  had 
disappeared.  In  addition,  the  animal*  ilia  not  gain  weight  at  the  same  rate  as  control*  /9/.  The 
weight*  of  the  irradiated  animal*  were  significantly  less  than  those  of  controls  14  days  and  6 
months  after  irradiation.  No  effect  on  body  weight  was  observed  after  exposure  to  50  or  100 
rads. 

To  assess  other  possible  abnormalities  In  dopaminergic  activity,  the  metabolism  of  dopamine  ht 
vivo  was  studied.  The  concentrations  of  dopamine  metabolite*  have  been  used  as  as  index  of  the 
rate  of  utilisation  (turnover)  of  dopamine  by  neurons  that  use  it  as  a  neurotransmitter.  The 
concentration  of  3-melhoxytyramine  (3-MT),  an  0-methyla‘cd  metabolite  of  dopamine,  in 
particular,  has  been  shown  to  correlate  best  with  dopamine  release.  In  the  present  experiments, 
3-MT  concentrations  were  determined  after  various  doses  of  high-energy  iron  particles  and  at 
different  times  after  irradiation. 

Dopamine  metabolism  in  the  caudate  nucleus  was  significantly  altered  after  exposure  to  high- 
energy  iron  particles.  Three  days  after  irradiation,  a  dose  of  $00  rads  reduced  3-MT 
concentration*  by  47*5  / 9/.  Doses  of  50  and  100  rads  were  ineffective.  This  effect  was  not  long- 
lived  and  disappeared  by  8  and  14  days  after  irradiation.  However,  by  6  months  after  irradiation 
3-MT  concentration*  were  again  decreased, 

Since  previous  results  from  our  laboratory  as  discussed  above  suggest  that  iron  particles  are 
significantly  more  effective  than  gamma  photons  or  high-energy  electrons  in  Inducing  behavioral 
and  neural  changes,  experiment*  were  undertaken  to  determine  if  equivalent  alterations  in  striatal 
3-MT  concentrations  could  be  observed  3  days  after  expoeure  to  the  two  low-LET  radiations. 
The  results  of  these  experiments  indicated  that  no  significant  difference*  were  observed  in  the 
concentrations  of  3-MT  after  exposure  to  500  rads  of  either  gamma  photons  or  high-energy 
electron*. 


SUMMARY 

Exposure  to  high-energy  iron  particles  exerts  significant  effects  on  behavior  and  brain  function. 
Measures  of  general  behavioral  toxicity  and  of  motor  function  along  with  its  corresponding 
neurochemical  correlates  suggest  possible  deficits  after  doses  as  low  as  10  rads.  The  deficits  in 
motor  function  may  impair  the  ability  of  astronauts  to  perform  critical  tasks,  may  not  be 
reversible,  and  may  accelerate  the  ageing  process.  More  research  is  required  to  adequately  assess 
the  haxards  of  acute  radiation  exposure  during  space  travel  beyond  the  magnetosphere. 
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Kam>a.samy,  S.  B.,  am>  Hum  ,  W.  a.  Involvement  of  Pros¬ 
taglandins  ant)  Histamine  In  Ratiiation-lndoctd  Temperature 
Responses  In  Rais.  Radiat.  Rts.  Ill,  84-90  (1990). 

Exposure  of  rats  U)  l-l  5  Gy  oft  radiation  Induced  hyperther¬ 
mia,  whereas  exposure  to  20- 1  SO  Gy  produced  hypothermia. 
Since  radiation  exposure  induced  the  release  of  prostaglandins 
(Mis)  and  histamine,  the  role  of  PCs  and  histamine  in  radiation* 
induced  temperature  changes  was  examined.  Radiation-induced 
hyper*  and  hypothermia  were  antagonized  by  pretreatment  with 
indomethacin,  a  cyclooxygenase  inhibitor.  Iniraccrebroventrk* 
ular  administration  of  PGE2  and  PGD2  induced  hyper-  and  hy¬ 
pothermia,  respectively.  Administration  of  SC-19220,  a  specific 
PGE2  antagonist,  attenuated  KGE2*  and  radiation-induced  hy¬ 
perthermia.  but  it  did  not  antagonize  PGD2-  or  radiation-in¬ 
duced  hypothermia.  Consistent  with  an  apparent  role  of  hista¬ 
mine  in  hypothermia, administration  of  disodium  cromoglycate 
(a  mast  cell  stabilizer),  mcpyraminc  (Ill-receptor  antagonist), 
or  cimetidine  (112-receptor  antagonist)  attenuated  PGD2-  and 
radiation-induced  hy  pothermia.  These  results  suggest  that  radi¬ 
ation-induced  hyperthermia  is  mediated  via  PGE2  and  that  radi¬ 
ation-induced  hypothermia  is  mediated  by  another  PG.  possibly 
PGD2,  via  histamine.  «  me  at****  hr*,  i* 


INTRODUCTION 

Exposure  to  ionizing  radiation  has  been  reported  to  in¬ 
duce  hyperthermia  in  cats,  rabbits,  and  humans  (/.  2), 
hypothermia  in  guinea  pigs  (2),  a  biphasic  response  in  mon¬ 
keys  (a  fall  followed  by  a  rise)  (4),  and  a  dual  effect  in  rats 
(low  and  high  doses  produced  hyper-  and  hypothermia,  re¬ 
spectively)  (5).  When  rats  were  exposed  to  low  doses  of  radi¬ 
ation  either  to  the  head  or  to  the  whole  body,  hyperthermia 
was  observed,  while  body-only  exposure  induced  no  sig¬ 
nificant  effect  (5).  This  suggests  that  radiation-induced 
hyperthermia  is  a  result  of  a  direct  action  on  the  brain.  Ra¬ 
diation-induced  hyperthermia  can  also  be  attenuated  by 
pre-  or  post-treatment  with  indomethacin,  a  cyclooxygen¬ 
ase  inhibitor  (5).  Hyperthermia  can  also  be  reduced  by  the 
central  administration  of  naloxone,  a  ^-receptor  antagonist, 
but  only  after  low  doses  of  radiation  (5).  Taken  together, 
these  findings  suggest  that  radiation-induced  hyperthermia 
is  mediated  through  the  synthesis  and  release  of  prostaglan¬ 


dins  (PGs)  in  the  brain  and  to  a  lesser  extent  through  the 
release  of  endogenous  opioid  peptides. 

Radiation  induces  dramatic  increases  in  the  levels  of 
prostaglandins  in  a  variety  of  tissues  (6-/0)  including  brain 
(//).  The  E  scries  of  PCs  have  been  identified  in  the  brain 
as  well  as  in  the  cerebrospinal  fluid  and  have  been  suggested 
as  a  mediator  of  hyperthermia  by  Milton  and  co-workers 
(12-15),  although  Cranston  ef  a/,  reported  results  contra¬ 
dicting  this  hypothesis  (/6).  Several  recent  studies  suggest 
that  rodent  brain  contains  predominantly  PGD2  (17-22). 
Mast  cells  release  histamine  and  also  synthesize  and  subse¬ 
quently  release  PGD2  as  a  major  cyclooxygenase  metabo¬ 
lite  of  arachidonic  acid  after  activation  by  various  stimuli 
(23).  Histamine  and  PGD2  induce  hypothermia  and  have 
been  implicated  in  thermoregulation  (24-27).  In  chickens, 
rabbits,  and  rats,  central  administration  of  histamine  has  a 
dual  effect.  After  low  doses  hypothermia  is  observed.  How¬ 
ever,  after  high  doses  of  histamine,  hyperthermia  is  induced 
(28-30).  In  sheep,  systemic  injection  of  histamine  also  in¬ 
duced  hyperthermia  but  only  at  warm  ambient  tempera¬ 
tures  (31).  Since  exposure  of  rats  to  radiation-induced  hy¬ 
per-  or  hypothermia,  depending  on  the  dose,  and  the  release 
of  PGs  and  histamine  (5),  the  role  of  PGs  and  histamine 
in  radiation-induced  temperature  changes  was  investigated 
using  inhibitors/antagonists  of  PGs  and  histamine.  Also,  it 
was  determined  whether  or  not  high  doses  of  radiation  act 
on  the  brain  or  on  peripheral  sites. 


METHODS 

bruits  The  drugs  used  were  PGE2,  PGD2,  and  indomethacin  (Sigma 
Chemical  Co.,  St.  Louis,  MO);  mcpyraminc  makate  (MaUinckrodt 
Inc..  St.  Louis.  MO);  cimetidine  (Smith  Kline  and  French  Laboratory, 
Philadelphia.  PA);  disodium  cromoglycate  (Ftsons  Corporation,  Bedford, 
MA);  l-acttyi-2(8-chloro-IO,i  I  -dihydro-benz-|b.f)-l  1 ,4)-oxa*epine- 10- 
carbonylftydrazine  (SC-19220)  (G.  D.  Searlc  Laboratory,  Chicago,  IL); 
ketamine  hydrochloride  (Parkc-Davis,  Detroit,  Ml);  xyhuinc  (Hayer 
Lockhart.  Shawnee,  KS);  and  acepromazinc  (Aycrst  Laboratories,  NY). 
Mcpyraminc  and  disodium  cromoglycate  were  dissolved  in  sterile,  nonpy- 
rogenic  saline.  Cimetidine  was  dissolved  in  0.1  ml  of  I  A'  HC!  and  diluted 
to  the  final  volume  with  saline.  PGE2  and  PGD2  were  stored  at  -20‘Cand 
were  dissolved  in  sterile  saline  before  the  injection.  SC- 1 9220  was  dissolved 
in  a  mixture  of  40%  DMSO  and  saline. 

Animals.  Male  Sprague- Dawlcy  Crl:CD(SD)BRD  rats  (Charles  River 
Breeding  Laboratories,  Kingston.  NY)  weighing  200-300  g  were  used  in 
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TABLE I 

Changes  in  Recw*  v?ropcraiurc  of  Rais  1 5  Min  after  Exposure 
lo  Variable  IXwcsof  Ionizing  Radiation 

Mean  a  temperature 
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*  S^mlkamK  diHcreM  from  slum  oraJuiioff.  /*  ►  OOS  Values  repre¬ 
sent  0*c  mean  *  SI  Numbers  in  oovnihcvr*  are  ihe  number  of  animals 
in  each  group 


Ibeur  experiments  Rats  were  quarantines!  cm  arrival  and  screened  for  cm- 
»k»KV  id  disease  In  «croto«\  and  hnioo»lS»!«y\  helore  hong  rekased  fmm 
quarantine  The  raix  were  housed  indOiduallv  in  p^svatNmatc  isolator 
vagesil  ah  Products.  Maswood,  NJ I  on  auitvlasol  hardwtmd  esmtact  hol¬ 
ding  Chela  (Tup-  Northeastern  Noduets  C  orp ,  Warrcnsburg.  NVl  and 
s»c#c  provided  uunmervul  lo-lent  ebon-  ("Wasne  Rodent  Rink"  Conti¬ 
nental  Gram  C  o .  Chicago,  and  acidified  stater  cpH  2  S  using  IKTl  uJ 
Ithim  Animal  holding  rooms  were  Kepi  at  21  *  tTwtihft)  •  ICNrela- 
lochumidiivona  I2h, light  dark  lighting esvlcssith  no  twilight 

Hihlhtinin  ri/smwo  Rats  were  placed  in  clear  piastre  wcM-semdated 
eon  tamers  Tor  approeimatelv  S  mm  before  trradutmn  or  sham  espomre 
I  he  animals  v.e»e  then  exposed  NU;erall>  to  sarong  doses  of  v  photons 
uung  a  *To  viuriv  at  a  rate  of  III  or  20  Gy/mm  lead  Niels  ssere  used  to 
shield  the  head  {including  the  neck)  t>r  the  hods  (thorax  to  peixisl,  llaeh 
animal  seas  placed  m  a  plastic  restraining  luhe  that  seas  enclosed  in  a  case 
made  of  lead  bricks  with  a  minimum  ihKkncxsnflOem  The  bucks  mere 
dolled  lo  accept  the  pan  of  the  luhe  conlammg  either  ihe  head  or  the  body 
of  the  rai  Duong  the  irradiation.  Ihe  rats  were  ohsersed  seith  a  remote 
sideo  momior  to  seofy  that  the  animals  dot  mu  shift  position  nothin  ihe 
luhe  Dosimetry  seas  performed  using  an  c.eposu re-monitoring  Mkv  ion 
ehamher  Delivered  dene  seas  expressed  as  a  rauo  of  ihe  dose  measured  m 
a  tisiuc-equtsakni  plastic  phantom  enclosed  in  a  restraining  luhe  to  that 
measured  m  air, 

(  cni/til uJmiHNruitim  nf  drugs  Rats  ssere  anesthetized  seith  I  ml/kg 
of  a  mixture  of  ketamine  DO  mg/kg).  xjlaainc  (5  mg/kg),  ami  accproma- 
zme  (I  mg/kg)  gisen  intramuscularly  and  seere  placed  m  a  rat  stereotaxic 
apparatus  (Oaeid  Kopf  Instruments.  No.  320),  A  single  cannula  seas  in¬ 
serted  into  the  lateral  sentock  according  lo  coordinates  derived  from  ihe 
atlas  of  IVtlignno  n  at  (.12):  O.X  mm  posterior  lo  bregma,  2,5  mm  lateral. 
The  cannula  seas  lowered  until  cerebrospinal  fluid  rote  in  the  cannula. 
IVmal  acrylic  seas  used  to  secure  the  cannula.  After  the  end  of  an  experi¬ 
ment,  injection  sites  were  histologically  verified.  The  volume  of  injection 
was  always  10  ul  At  least  I  week  was  allowed  for  recovery  before  animals 
were  used  for  experiments.  Injections/irradiations  were  performed  at  the 
same  lime  of  day  (ti900)  to  avoid  diurnal  variations  in  temperature.  The 
antagonists  (indomcthacm.  SC-19220,  disodium  cromoglycatc,  mepyra- 
mine,  and  cimct  Kline)  were  given  30  min  before  the  administration  of  the 
radialion/proslaglandins, 

,\hu\mwttii  tt/hklvietnihruim'  All  experiments  were  performed  at 
an  environmental  temperature  of  22  ±  PC.  The  animals  were  placed  in 
cages  I  h  before  the  beginning  of  the  experiments  and  body  temperature 


was  measured  esers  I  *  mm  over  a  petsod  of  2  h  w»th  thermo  tor  probes 
insetted  approximately  h  cm  into  the  rectum  and  connected  to  adatatoggrr 
iMmitrend  iOH  After  each  experiment,  alt  animals  were  euthanized  m- 
mcdukls  with  an  oserdme  of  carbon  thostde  sm  inhalation. 

VtiMOus  Statistical  evaluations  were  undertaken  usrng  anatyias  of 
saoances-ihasigntbcanceleselof/’-  nns  (t^ergroupcompansonswere 
per Aumed  using  lukcs  Mcst 

RESULTS 

Exposure  of  rats  to  I- 1 5  Gy  radiation  induced  hyperther¬ 
mia.  whereas  exposure  to  20-200  Gy  induced  hypothermia 
(Table  I).  t  he  onset  of  these  effects  was  rapid,  and  they 
reached  their  maximum  response  within  15  min.  On  the 
basis  of  these  results,  a  dose  k  10  Gy  of  radiation  was  used 
to  study  hyperthermia,  and  a  dose  of  50  Gy  was  chosen  to 
study  hypothermia. 

As  can  he  seen  in  fig,  I.  hypothermia  induced  by  a  50- 
Gy  dose  of  t  radiation  occurred  only  after  whole-body  or 
head-only  exposure,  not  w  hen  the  head  was  shielded.  These 
results  similar  to  those  fou  nd  after  low  doses  of  radiation 
(5).  Since  whole-body  exposure  resulted  in  the  same  effect 
as  head-only  exposure,  subsequent  studies  used  only  w  hole- 
body  exposure  to  ionizing  radiation. 

Experiments  were  undertaken  to  determine  the  effect  of 
indomethacin.  an  inhibitor  of  prostaglandin  synthesis,  on 
radiation-induced  changes  in  body  temperature.  Pretieat- 
ment  with  1-5  mg/kg  of  indomethacin  given  inirapentonc- 
ally  inhibited  both  the  hyper-  and  hypothermia  induced  by 
exposure  to  10  and  50  Gy  of  radiation,  respectively  (Fig. 
2).  Indomethacin  alone  had  no  effect  on  body  temperature. 


•30  0  30  60  90  120 

Tim*  (minute*) 


FIG.  t.  Effects  of  50  Gy  of  ionizing  radiation  on  body  temperature 
exposed  body-only  (■),  whole-body  (•),  or  head-only  (O).  Each  point  rep¬ 
resents  Ihe  mean  *  SE  of  observation  of  six  animals.  Zero  on  the  ordinate 
represents  the  temperature  at  the  time  of  irradiation. 
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Similar  to  the  effects  of  low  am)  High  dotes  of  radiation. 
PG62  (5-20  ng.  iev)  and  P0D2  (10-15  ng.  iev)  produced 
dose -dependent  hyper*  and  hypothermia  (data  not  shown). 
Pieireatment  with  indomethacin.  although  it  attenuated 
radiation-induced  temperature  responses,  had  no  signifi- 
cant  inhibitory  effect  on  those  of  PCI  I- 2  or  PGD2  (data  not 
shown). 

The  effect  of  SC-19220,  a  PGII2  antagonist,  was  investi¬ 
gated  on  PGF.2*.  PGD2-.  and  radiation-induced  tempera¬ 
ture  responses.  Selected  doses  of  SC-19220  (100-500  ng. 
iev).  which  had  minimal  effects  on  temperature  in  control 
animals,  were  given  prior  to  CGI; 2  or  PGD2  administration 
or  to  exposure  to  10  or  50  Gy  radiation.  The  SC- 1 9220  sig¬ 
nificantly  attenuated  PGE2-  (data  not  shown)  or  radiation- 
induced  hyperthermia  (Fig.  3)  but  had  no  effect  on  PGD2- 
(data  not  shown)  or  radiation-induced  hypothermia 
(Fig.  3). 

Since  histamine  stored  in  mast  cells  throughout  the  body 
(25.  33)  is  released  by  exposure  to  radiation  (5-/).  its  possible 
role  in  thermoregulatory  effects  of  radiation  was  examined. 
Disodium  cromoglvcate  is  known  to  be  a  potent  inhibitor  of 
the  immuno'ogical  release  of  chemical  mediators  secreted 
from  mast  cells  (35).  Disodium  cromoglvcate  (100-500  ng. 
iev)  attenuated  PGD2-  and  radiation-induced  hypothermia 
(Fig.  4). 

To  examine  the  role  of  histaminergie  HI  and  H2  recep¬ 
tors  in  PGD2-induced  hypothermia,  mepyramine  (100- 
300  ng.  iev). an  HI  antagonist,  or cimetidine{  100-300  ng. 
iev).  an  H2  antagonist,  was  administered  before  irradiation. 
Previous  results  (5)  have  indicated  that  mepyramine  and 
cimctidinc  arc  specific  H 1  and  H2  receptor  antagonists,  re¬ 
spectively.  Mepyramine  antagonized  hypothermia  induced 
by  2-methyl  histamine,  an  H I  agonist,  but  did  not  antago¬ 


nize  the  hypothermia  induced  by  4-methyl  histamine,  an 
H2  agonist.  Likewise,  eimetidine  significantly  attenuated 
the  hy  pothermia  induced  by’  4-methyl  histamine  but  not 
that  induced  by  2-methyl  histamine.  Both  mepyramine  and 
eimetidine.  which  are  found  to  antagonize  hypothermia  in¬ 
duced  by  histamine  (5).  attenuated  PGD2-  and  radiation- 
induced  hy  pothermia  (Figs.  5  and  6). 

DISCUSSION 

As  reported  earlier,  ionizing  radiation  induced  either 
hyper-  hy  pothermia  in  rats  depending  upon  the  dose  (5), 
changes  tha*  appear  to  be  centrally  mediated.  There  are  nu¬ 
merous  reports  that  have  demonstrated  significant  increases 
in  PG  levels  in  a  variety  of  tissues  including  the  brain  after 
whole-body  irradiation  (6-11).  The  observations  that  PGs 
induce  changes  in  body  temperature  and  that  various  anti¬ 
inflammatory  drugs  block  the  synthesis  of  PGs  in  tissue  (24. 
56.  37)  have  implicated  PGs  in  thermoregulation.  Indo¬ 
methacin  attenuates  the  hyper-  or  hypothermia  caused  by 
lowand  high  doses  of  ionizing  radiation,  indicating  that  this 
effect  may  be  mediated  by  PGs.  However,  it  has  no  antago¬ 
nistic  effect  on  exogenous  administration  of  PGE2  and 
PGD2.  confirming  that  it  interferes  only  with  PG  synthesis. 
Of  the  various  PGs.  it  has  been  reported  that  only  the  E 
series  are  potent  as  pyretic  agents  and  that  PGD2  is  hypo¬ 
thermic  (24, 37).  The  present  results  support  these  findings. 
In  addition,  based  on  studies  usings  variety  of  smooth  mus¬ 
cle  preparations  (38. 39)  and  studies  of  PGE2-induccd  fever 
(40.  41).  SC- 1 9220.  a  specific  PGE2  antagonist,  antago¬ 
nized  only  PGE2-  and  radiation-induced  hyperthermia ..  * 
duced  by  low  doses  of  ionizing  radiation,  suggesting  that 
radiation-induced  hyperthermia  is  mediated  by  PGE2. 
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)  listaminc  has  been  implicated  in  the  actions  ofioni/ing  Histamine  is  present  in  high  concentrations  in  the  hypo- 
radiation  including  hypotension,  reduction  in  cerebral  thalamus  (47. 4H)  and  is  localized  in  nerve  terminals  (49). 
blood  dow,  and  performance  decrements  (42).  Further-  suggesting  that  it  may  act  as  a  central  neurotransminer, 
more,  concentrations  ofhistamine  in  circulating  Mood  have  Also,  ascending  histamine  tracts  are  found  in  the  median 
been  reported  to  be  elevated  in  humans  undergoing  radia*  forebrain  bundle  (50);  histidine  decarboxylase,  the  enzyn.e 
tion  therapy  (43)  as  well  as  in  dogs  and  monkeys  (34.  44.  that  converts  histidine  to  histamine,  is  localized  in  different 
43)  following  radiation  exposure.  Tissue  histamine  levels  regions  of  the  brain  (51)'.  histamine  activates  adenylate  ey* 
are  decreased  in  rats  (46).  Exposure  to  ionizing  radiation  elase  in  the  brain  (52);  and  br  in  histamine  turnover  is  in- 
resulted  in  hypothermia  which  appears  to  be  mediated  by  creased  by  stress  (53).  Administration  of  histidine  systemi- 
the  central  release  of  histamine  since  the  hypothermia  oc-  eally  or  histamine  centrally  evokes  hypothermia  caused  by 
curred  only  after  whole-body  or  head-only  exposure,  not  both  HI-  and  H2-reccptor  activation  (54).  These  neuro- 
when  the  head  was  shielded.  chemical  and  pharmacological  studies  suggest  that  hista- 
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FIG.  ?.  Meet  of mcpvnrminc  tMcp>  0.  tcv,  on  hypothermia  induced  by  IXil>2  ami  ionizing  radiation.  (A)  Nonimdiated  control*  given  100  (0)  or 
100  OfiDi  mepv  famine;  I BH0  o#  of  K*l>2  atone  (•)  or  In  ihc  presence  of  1 00  CO)  or  100  ng  (U)  mcpy  ramine.  (Ci  ?0  Gy  irradiation  atone  (•)  or  in  the 
pretence  of  100  (A)  or  300  ng  (O)  mepy  famine  liaeh  point  represents  the  mean  *  SI:  of  otoervation*  of  five  animal*.  Zero  on  lire  ordinate  represent* 
the  temperature  at  the  time  of  second  injection. 


mine  may  be  a  ncurotransmitier  involved  in  many  physio-  lion,  maw  cells  release  PGD2and  histamine  after  activation 
logical  functions  including  thermoregulation  and  could  un*  by  various  stimuli  (2.?.  57).  It  has  been  reported  that  PGD2 
derlie  radiation-induced  hypothermia.  potentiates  histamine-induced  bronchoconstriction  in  man 

Histamine  is  stored  in  mast  cells  throughout  the  body  (58)  and  plasma  extravasation  in  rat  skin  (59),  In  the  pres- 
05),  including  the  brain,  where  they  are  particularly  nu*  ent  studies,  the  mast  cell  stabilizer  disodium  cromoglycatc 
mercus  in  the  hypothalamus  (55.  50).  Arachidonic  acid  is  attenuated  radiation-  and  PG02-induced  hypothermia, 
converted  by  the  cyclooxygenase  pathway  primarily  to  suggesting  a  role  of  central  histamine  in  this  response.  The 
1X502  in  mast  cells  in  humans  and  rats  (17-25).  In  addi-  release  of  histamine  acting  on  both  HI  and  H2  receptors 


Tun*  (minutw) 

FIG.  6.  Effect  of  cimctidine  (Cimct),  icv,  on  hypothermia  induced  by  PGD2  and  ionizing  radiation.  (A)  Nonirradiatcd  controls  given  100  (O)  or 
300  ng  (□)  cimctidine;  (B)  30  ng  of  PGD2  alone  (•)  or  in  the  presence  of  100  (O)  ot  300  ng  (□)  cimctidine;  (C)  SO  Gy  irradiation  atone  (•)  or  in  the 
presence  of  100  ng  (A)  or  300  ng  (□)  cimctidine.  Each  point  represents  the  mean  ±  SE  of  observations  of  five  animals.  Zero  cm  the  ordinate  represents 
the  temperature  at  the  time  of  second  injection. 
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may  be  involved  in  radiation-induced  hypothermia,  since 
rr.cp) famine,  an  Ill-receptor  antagonist,  and  cimetidinc, 
an  Ill-antagonist,  blocked  not  only  radiation-induced  hy¬ 
pothermia  but  a!ro  PGDl-induced  hypothermia.  Previous 
results  have  indicated  that  serotonin  is  not  involved  in  radi¬ 
ation-induced  hypothermia  (J). 

In  summary .  these  results  suggest  that  radiation-induced 
hyperthermia  is  mediated  via  PG02.  and  histamine  is  in¬ 
volved  in  radiation-induced  hypothermia.  The  attenuation 
o*  r*GD?-induced  hypothermia  by  disodium  eromoblycatc 
at;d  antihistamines  suggests  that  PGD2  acts  via  histaminer- 
gi<:  systems. 

Rr  Ml):  Miy  w.  1 989;  Arttr I  E»:  August  2a,  1 989 
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Mt  Cm  sm  \.  I).  0..  I.i:i>ni  >.<».  I).,  and  Madonna, G.S. 
Trehalose  Dimycolate  Enhances  Survival  of  Fission  Neutron* 
Irradiated  Mice  and  Klebsiella  /wetimofl/ue-Challenged  trradi* 
ated  Mice.  RutJiut.  Res.  121,71-75(1  *W0). 

The  survival  of  861)21- 1  female  mice  exposed  to  lethal  doses 
of  fiSMon  neutron  radiation  is  increased  when  trehalose  dimycol- 
ate  (TDM)  preparations  are  given  either  I  h  after  exposure  or  I 
day  before  exposure  to  radiation.  TDM  in  an  emulsion  of  squa- 
lene.  Tween  80.  and  saline  was  the  most  effective  formulation 
for  increasing  the  30-day  survival  of  mice  when  given  I  day  be¬ 
fore  Ohrid  or  I  h  after  (881*)  exposure  to  radiation.  An  aqueous 
suspension  of  a  s>nthetic  analog  of  TDM  was  less  elective  at 
increasing  30-day  surv  ival  (60%)  w  hen  given  I  day  prior  i0  radi¬ 
ation  exposure  and  not  effective  when  given  I  h  after  radiation. 
M ice  rccciv  ing  a  sublet hal  dose  (3.5  (iy)  of  lission  neutron  radia¬ 
tion  and  either  the  TDM  emulsion  or  synthetic  TDM  I  h  after 
irradiation  were  substantially  more  resistant  to  challenge  with 
10. 100. 1000.  or  5000  times  the  LlXtuuidosc  of  KltbsUlla pneu¬ 
monia?  than  untreated  mice.  •  iv*i  v, »*««.•  hov  i* 


INTRODUCTION 

The  ettceis  of  radiation  on  tnaminalian  hematopoietic, 
mvelopoietie.  and  gastrointestinal  systems  are  diverse  and 
depend  on  both  the  exposure  dose  and  the  quality  of  radia¬ 
tion.  Several  studies  have  focused  on  the  effects  of  X  rays 
(/-•/)  and  MTo  7  rays  (3. 6)  on  these  systems  in  mice.  Other 
studies  have  examined  the  effect  various  specific  and  non¬ 
specific  immunomodulators  have  on  survival  in  mice  given 
H'Co  7  rays  (7.  »V).  However,  there  are  a  limited  number  of 
reports  (.5.  9. 10)  on  the  effects  of  lission  neutron  radiation 
on  these  systems  and  the  effect  immunomodulators  have 
on  these  animals*  survival. 


1  Supported  bv  the  Armed  forces  Radiobmlogy  Research  Institute.  De¬ 
fense  Nuclear  Agency,  under  Research  Work  Unit  00129.  The  views  pre¬ 
sented  in  this  paper  are  those  of  the  authors.  No  endorsement  by  the  De¬ 
fense  Nuelear  Agency  has  been  given  or  should  be  inferred. 

*  Research  was  conducted  according  to  the  principles  enuciated  in  the 
"Guide  fonheCareand  use  of  Laboratory  Animals"  prejiared  by  the  Insti¬ 
tute  oi'Lalhiratory  Animal  Resources.  National  Research  Council. 

*  To  whom  correspondence  should  be  addressed. 


Nuclear  weapons  detonations  or  nuclear  criticality  acci¬ 
dents  can  produce  mixed  radiation  fields  of  various  propor¬ 
tions  of  photon  and  neutron  radiations.  Therefore,  it  is  im¬ 
portant  to  determine  the  response  of  animals  to  mixed-field 
radiation  in  order  to  evaluate  realistically  the  effect  cyto¬ 
kines  and  immunomodulators  of  nonspecific  resistance  to 
infection  might  have  on  the  animals'  survival.  Several 
different  formulations  of  the  immunomodulator  trehalose 
dimycolate  (TDM)  have  been  shown  to  be  effective  in  in¬ 
creasing  .survival  of  mice  exposed  to  M1Co  y  rays  (7).  There¬ 
fore  it  is  of  interest  to  evaluate  TDM  formulations  for  their 
ability  to  increase  survival  in  animals  irradiated  with 
mixed-field  fission  neutrons. 

Exposure  to  fission  neutron  radiation  is  more  effective  in 
causing  severe  Icukocytopenia  in  mice  within  4  days  than 
exposure  to  M*Co  7  radiation  (//,  12).  Hemopoietic  recov¬ 
ery  occurs  in  animals  exposed  to  7.0  Gy  “'Co  radiation  by 
Day  14  after  exposure  (13.  N).  Mice  exposed  to  3.5  Gy  fis¬ 
sion  neutrons  recover  in  a  similar  time  period.  Exposure 
to  higher  levels  of  radiation  produces  Icukocytopenia  and 
irreversible  gastrointestinal  damage.  Death  normally  occurs 
in  these  mice  in  less  than  14  days  due  to  denudation  of  the 
intestinal  mucosa,  fluid  and  electrolyte  imbalance,  and  bac¬ 
teremia  [15).  Infection  is  a  major  cause  of  death  in  animals 
exposed  to  radiation  doses  sufficient  to  depress  the  immune 
system  severely  but  not  to  produce  irreversible  gastrointesti¬ 
nal  damage,  for  example,  5.75  Gy  fission  neutrons  or  10.5 
Gy  M1Co.  The  source  of  the  infection  can  be  translocation 
of  normal  intestinal  flora  or  an  external  source.  In  these  cir¬ 
cumstances.  bacteria  of  the  family  Enterobacteriaceac  often 
become  opportunistic  pathogens.  One  member  of  this  fam¬ 
ily.  Klebsiella  pneumoniae,  is  associated  with  a  high  inci¬ 
dence  of  mortality  in  immunocompromised  patients 
(16. 17). 

In  this  paper,  we  report  on  the  effects  of  TDM  on  the 
survival  of  fission  neutron-irradiated  mice  when  TDM  is 
used  as  a  protectant  (before  exposure)  and  as  a  therapeutic 
agent  (after  exposure)  in  irradiated  mice.  We  also  report  the 
effects  of  TDM  as  a  therapeutic  agent  for  irradiated  mice 
challenged  with  K.  pneumoniae. 

MATERIALS  AND  METHODS 

Muv.  JAX:B6D2FI  female  mice.  12-15  weeks  of  age  (20-25  g).  were 
quarantined  on  arrival  and  screened  for  evidence  of  disease  before  being 
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rtkmzd  for  experimental  uxc,  They  '►ere  maintained  in  an  AAALAC-ac- 
crobled  Facility  in  plartk  Micro- IxoUtor  cafe*  conutmng  autuckved  hard- 
wood  chip,  contact  bedding.  Mice  were  provided  commercial  rodent  chow 
and  acidified  tap  water  (pH  2.5  with  concentrated  HC1)  mlHhiittm,  Animal 
rooms  were  maintained  at  70 +2*F  with  JO*  10%  relative  humidity  mini 
at  Watt  10  air  changes  per  hour  of  100%  conditioned  fresh  air.  The  mke 
were  on  a  12-h  bjht/darh  foil  spectrum  lighting  cycle  with  no  twili|ht. 
AH  research  wat  conducted  in  accordance  with  NIH  and  our  Institutional 
Animal  Care  and  Use  Committee  guidelines  for  the  care  and  use  (/labora¬ 
tory  animaH. 

RoJtaium  lire  techniques  and  dosimetry  of  exposing  mke  to  mined 
radiation  fields  produced  by  the  Af-'RRI  TRK5A  .factor  were  previously 
described  ( IX).  All  radiation  doses  reported  in  this  paper  arc  the  midtinc 
tissue  dose  as  measured  using  ionization  chambers  (/9).  In  the  present 
study,  a  neutron  to  y  henna  ratio  of  I :  I  (N:G  »  I )  at  midtinc  in  the  animats 
was  achieved  by  using  a  15.2-cm  lead  shield  in  front  of  the  reactor  wall. 
The  neutron  to  vray  hernia  was  chosen  as  representative  of  conditions 
which  might  prevail  during  a  nuclear  weapons  detonation  or  nuclear  criti¬ 
cality  incident.  Mke  challenged  with  A  /meurmatwe  were  given  a  nook- 
that  total  (neutron  plus  vray)  dose  of  3.5  Cy  midline  tisaue  dose  at  0.4  Gy/ 
min.  Mke  not  challenged  with  A',  imtummat  received  5.75  Cy;  this  is  the 
radiation  dose  that  hills  IV"  of  the  mke  of  this  strain  recetv  ing  no  support¬ 
ive  therapy  within  30  vJt^s  (I.Dhvw).  Mke  were  espoacd  Individually  in 
well-ventilated  aluminum  nest  mining  tubes  that  rotated  at  1.5  rpm. 

Di)$?  rtdat/um  kxh*  IV  dose  reduction  factor  was  determined  for 
madia  ted  mke  receiving  intrapcritoneal  (ip)  injections  of  the  various 
TDM  formulations  or  control  formulations  either  I  day  before  or  I  h  after 
irradiation  with  fission  neutrons.  Groups  of  10  mice  were  cspoicd  to  in¬ 
creasing  doses  of  radiation  and  their  ./Way  survival  was  monitored.  Probit 
analysis  of  the  survival  data  was  used  to  determine  the  best  fit,  and  thus 
the  LD)  m  to  I.D,,*  values,  and  to  determine  the  dote  reduction  fac¬ 
tor  (DPI- ). 

ImmummkkiutiUiwx  Synthetk  trehalose  dimycoiatc  (S-TDM ),  a  prod¬ 
uct  containing  cory  nomycolic  acid  and  trcbafoie,  and  native  TDM  in  a 
mixture  of  2%  squaknc  and  0.2%  Tween  SO  were  produced  by  Ribi  Immu- 
noChem  Research  Inc.  (Hamilton,  MT).  S-TDM  was  prepared  as  pre¬ 
viously  described  (7. 20).  The  native  TDM  was  suspended  in  saline  to  give 
a  native  TDM-xquakne-Tween  XO-nlinc  emulsion  (TDM-O).  The  con¬ 
centration  of  both  TDM  formulations  was  200  gg  TDM/ml.  Controls  for 
these  preparations  were  0.2%  Tween  HO-salinc  (  IS)  and  2%  squaknc  in 
0.2%  TS  (squaknc  emulsion).  Mke  received  intrapcritoneal  injections  of 
0.5  ml  of  the  appropriate  TDM  formulation  or  control  formulations. 

Bacteria  A  clinical  isolate  of  A".  / mtummiat ,  serotype  5,  was  prepared 
as  previously  described  (7).  The  pclkt  was  washed  twice  with  coid  saline 
and  suspended  to  an  optical  density  at  650  nm.  known  to  yield  I  X  10* 
viabk  hactcria/ml.  The  actual  number  of  viahk  bacteria  was  determined 
by  plate  counts  on  Trypikasc  Soy  Agar  (BBl„  Cockeysvilk,  MD).  Dilu¬ 
tions  for  injection  into  mke  and  plate  counts  were  made  in  stcrik  saline. 

Bacterial  /./><«*)  The  dose  of  A’  fmtummiat  lethal  to  50%  of  mke 
within  30  days  (LDW»)  was  determined  for  control  and  irradiated  mice 
by  subcutaneously  injecting  10-fold  dilutions  of  A*  pneummiae  ( lO'-IO* 
bacteria/0.1  ml)  and  monitoring  survival  for  30  days.  Mice  were  injected 
with  bacteria  on  Days  1.4.7.  lO.und  14  postirradiation.  To  assure  precise 
delivery  of  bacteria  and  prevent  injury  to  the  animal,  mice  were  anesthe¬ 
tized  by  inhalation  of  mcthoxyfluranc  prior  to  injection  of  bacteria.  Eight 
mice  were  used  for  each  treatment  group  and  a  total  of  six  bacteria  chal¬ 
lenge  concentrations  were  used  to  determine  each  LD^*,  end  point  for 
irradiated  mice;  four  chalkngc  concentrations  were  used  for  unirradiated 
control  mice.  Groups  of  irradiated  mice  challenged  on  Days  1, 4,  and  7 
received  10',  10s.  I0\  I0\  I  O’,  or  IO*CFU/mouic.  Irradiated  groups  chal¬ 
lenged  on  Days  10  and  14  received  !0\  I04,  I0\  10*.  10’,  or  10*  CPU/ 
mouse.  Groups  of  unirradiated  control  mice  were  injected  with  I0\  10*. 
10s.  or  10*  CFU/mouse. 
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FIG.  I.  Percentage  30-day  survival  of  B6D2FI  fcmak  mke  that  re¬ 
ceived  5.75  Gy.  N:G  *  I  (LDw.w).  and  0.S  ml  of  Tween-saNne,  squaknc 
emuhuen.  TDM-O,  or  S-TDM.  The  above  formulations  were  injected  ip 
into  groups  of  10  mke  cither  I  day  before  (filled)  or  I  h  after  (hatched) 
radiation  exposure. 


Hcmamlogy  Mke  received  either  3.5  or  5.75  Gy  of  mixed-field  radia¬ 
tion.  Experimental  groups  received  cither  100  n«A>.$  ml  S-TDM  or  0.5 
ml  of  0.2%  Tween-saline  I  h  poatirradiation.  Mke  were  anesthetized  by 
inhalation  of  mcthoxyilurane  immediately  before  blood  was  obtained  by 
cardiac  puncture.  Immediately  after  blood  was  drawn,  mke  were  eutha¬ 
nized  by  CO*  inhalation.  Hematology  studies  were  perforated  by  certified 
technicians  of  the  Hematology  section  of  our  Institute's  Veterinary  Sci¬ 
ences  Department. 

RESULTS 

In  a  series  of  protection  experiments,  mice  were  injected 
ip  with  the  TDM  preparations  I  day  prior  to  exposure  to  a 
5.75-Gy  MLT  dose  of  fission  neutron  radiation.  TDM-O 
provided  greater  protection  (9G%)  than  S-TDM  (60%). 
while  10%  of  mice  receiving  Tween-saline  survived  and 
20%  of  those  receiving  the  2%  squaknc  emulsion  survived 
(Fig.  I).  The  TDM-O  (/*  <  0.01)  and  S-TDM  (P  <  0.05) 
were  significantly  better  than  TS  at  increasing  30-day  sur¬ 
vival  of  the  mice  exposed  to  radiation.  The  TDM-O  was 
significantly  better  ( P  <  0.01)  than  the  2%  squakne  emul¬ 
sion. 

When  the  TDM  preparations  were  given  therapeutically 
1  h  after  exposure  to  5.75  Gy  fission  neutron  radiation, 
TDM-O  provided  the  most  benefit  (88%)  (Fig.  I).  The 
TDM-O  formulation  was  significantly  better  than  the  squa¬ 
knc  emulsion  alone  (P<  0.001)  when  given  I  h  after  radia¬ 
tion.  No  mice  survived  in  the  groups  receiving  S-TDM,  TS, 
or  2%  squakne  emulsion.  Incremental  increases  in  the 
amount  of  S-TDM  given  up  to  800  jig/mouse  did  not  sig¬ 
nificantly  increase  the  survival  of  mice  when  given  I  h  after 
mixed-field  radiation  over  that  observed  with  100  fig/ 
mouse  (data  not  shown). 

Dose  reduction  factors  were  determined  for  irradiated 
mice  which  received  S-TDM,  TDM-O,  Tween-saline  (con- 
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TABLE I 

Probit  Analysis  of  Mortality  Data  for  Mixed- Field  Irradiated 
Mice  Receiving  Formulations  Pre*  or  Postirradialion 


Time  of 
treatment 

Vehicle 

Treatment 

(C#» 

DRF- 

IDsv 

Twtcn-salmc 

Twccn-xalmc 

430 

1.00 

Twccn-salmc 

S-TDM 

s m 

1.07 

Squaknc  cmuluon 

Squaknc  emuhron 

555 

1.00 

Squaknc  emulsion 

TDM-O 

5% 

1,07 

Twccn-xalmc 

None 

542 

0,9K 

♦  Ih 

Twccn-xalmc 

Tw«n-xalmc 

514 

1,00 

Twccn-xalmc 

S-1DM 

54X 

1.07 

Squaknc  emulsion 

Squaknc  emuhton 

5-RI 

1.00 

Squaknc  cmuluon 

TDM-O 

5gl 

LOR 

Twccn-xalmc 

None 

542 

0,95 

.Vote  Do«- response  survival  factors  m  irradiated  mice  rtcet  sing  TDM 
formulation*,  MAD2IT  mice  received  mcieavng  amount*  of mixed  tadia- 
uantNCi  -  IT  One  day  before  or  I  h  alter  irraduuon.  group*  of  20  mice 
received  0.5  ml  of  one  of  the  following  formubiiouv  tTreatment)  by  Ip 
injection.  Tween-sal  me.  2"*  squaknc  emuKton.  100  »>g  TDM-O.  or  100 
>>g  S-TDM  Mice  uxvl  in  this  experiment  received  only  one  Ip  Injection: 
the  formulation  in  the  Vehicle  column  wax  not  injected  unless  it  aho  ap- 
pcarxin  the  Treatment  column,  Survival  wax  followed  for  TOdays.Probit 
analysis  of  the  results  showed  the  slopes  of  the  proho  lines  in  the  compart* 
sons  to  be  parallel;  all  reported  DR!  S  are  based  on  the  t.D**u  radiation 
dose  for  ease  of  comparison. 

'DRI-  -  t.D^ vi  vehicle. 

trol).  or  the  squalene  emulsion  (control)  (Table  I).  Probtt 
analysis  of  the  results  showed  the  slopes  of  the  probit  lines 
in  the  comparisons  to  be  parallel;  all  DRFs  are  reported  at 
the  LDw/ui  radiation  dose  for  case  of  comparison.  For  both 
time  courses,  the  DRFs  for  TDM-0  and  S-TDM  were  sim¬ 
ilar  when  compared  to  the  appropriate  controls.  Tween- 
saline  lowered  the  DRF  below  »hat  of  irradiated  animals  not 
receiving  injections. 

The  bacterial  LDci/w  for  mice  exposed  to  3.5  Gy  fission 
neutron  radiation  and  challenged  with  A',  pneumoniae  fell 
by  5  orders  of  magnitude  by  Day  4  and  remained  depressed 
(2.5  orders  of  magnitude)  on  Day  7  (Fig.  2).  On  Day  10 
postirradialion  the  increased  LDW/vi  indicated  that  the 
mice  were  recovering.  By  Day  14  the  LDW»  returned  to 
nearly  that  of  controls  (overlapping  95%  confidence  inter¬ 
vals).  These  data  indicate  that  the  animals  are  at  greatest 
risk  between  Days  I  and  7  postirradialion  because  it  is  dur¬ 
ing  this  time  that  an  exogenous  bacterial  challenge  has  the 
greatest  effect  on  mortality. 

The  TDM  formulations  given  I  h  after  exposure  to  3.5 
Gy  fission  neutron  radiation  had  an  effect  on  the  30-day 
survival  of  mice  challenged  with  10,  100,  1000,  or  5000 
times  the  LDyo/jo  dose  of  K.  pneumoniae  on  Day  4  after 
exposure  to  radiation  (Fig.  3).  At  the  relatively  low  chal¬ 
lenge  dose  of  10  times  the  LDjo,*).  of  the  TDM  formula¬ 
tions  increased  30-day  survival,  as  did  the  squalene  emul¬ 
sion.  When  the  challenge  dose  of  K.  pneumoniae  was  in- 


OAY  Of  A.  pnaomonita  CHALLENGE 
POST  IRRADIATION 


FIG  2.  Ibctcml  I.D^m  of  mice  challenged  with  A’  pnemumtae  fol¬ 
lowing  radiation  exposure,  R6D2FI  miee  were  given  .1.5  Gy  (N.G  «  I) 
radiation,  K  pneumoniae  was  injected  ink)  group*  of eight  mk*  on  ftiy* 
1, 4. *1*47(10'.  10*.  10*.  10*.  10*.  Ilf  CFU/mouse): and on  t>sys  IQ  and 
14(10*.  10*.  10*.  10*.  10*.  IO*CFU/mouK).Groop*ofrigMunirn4iMcd 
conltol  mke  were  injected  with  10*.  10*.  10*.  or  10*  CFU/mouse.  The 
I.D^w  wax  determined  by  probit  analysis  and  plotted  for  each  time  of 
injection  after  radiation.  Vertical  bus  represent  the  upper  and  lower  95* 
confidence  limits  for  each  I.D*,*. 

creased  to  1 00  times  the  LDyyjo,  only  the  TDM-O,  S-TDM, 
and  squalene  emulsion  increased  the  number  of  mice  sur¬ 
viving  over  that  of  the  control.  The  therapeutic  effect  pro¬ 
vided  by  the  squalene  emulsion  was  not  significantly  (P 
>  0.25)  different  than  control.  At  1000  and  5000  times  the 
LDxvm  dose  of  K.  pneumoniae,  only  TDM-O  and  S-TDM 


FIG.  3.  Thirty-day  survival  of  B6D2FI  fomale  mice  given  3.5  Gy  (N: 
G  »  I)  radiation  and  treated  with  TDM  prior  to  challenge  with  K,  pneu¬ 
moniae.  One  hour  after  irradiation,  0.5  ml  of  one  of  the  following  was 
i  njecled  ip  into  groups  of  20  mice:  (■)  T  ween -saline;  (■)  squalene  emul¬ 
sion;  (SO)  100  mg  TDM-O;  (B)  100  mg  S-TDM;  (as)  controls.  Mice  were 
challenged  on  Day  4  after  irradiation  with  either  10, 100, 1000,  or  5000 
times  the  LDWM  of  K.  pneumoniae  serotype  5. 
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increased  survival.  TDM-0  increased  survival  to  twice  that 
of  the  S-TDM-ireated  group.  The  l-D*.  (i.c..  8(K  sur¬ 
vival!  for  unirradiated  mice  is  2.08  •  10*  with  a  lower  con¬ 
fidence  limit  of  7.95  *  IU\  while  for  the  irradiated  mice 
treated  with  TDM-0  the  corresponding  ID*.  *■  is  4.58 
*  I  O'.  Thus  TDM-0  is  capable  of  increasing  the  irradiated 
mouse’s  resistance  to  bacterial  challenge  to  nearly  that  of  a 
normal  mouse. 

White  blood  veil  (WHO.  red  blood  cell  (ROC),  and  plate¬ 
let  counts  were  obtained  from  mice  given  5.5  or  5.75  Gy  of 
mixed-field  radiation  and  treated  with  cither  100  fig  S- 
TDM/0.5  ml  or  an  ctpial  volume  of  the  vehicle  (0.2'r 
Tween-saline)  I  h  posiirnidiation.  White  blood  cell  counts 
were  similar  foi  mice  receiving  either  5.5  or  5.75  Gy  until 
Day  14  alter  radiation  exposure.  At  this  time  the  values 
were  significantly  lower  (/*»-  0.05)  for  mice  exposed  to  5.75 
Ciy  (data  not  shown),  t  his  is  true  whether  or  not  mice  re¬ 
ceived  S-TDM  I  h  after  exposure  to  radiation. 

The  ell'cct  of  the  two  doses  of  radiation  on  the  RBC  and 
platelet  counts  appeared  to  Ik*  similar  until  Day  14  for  mice 
treated  with  S-TDM  (data  not  shown).  By  Day  14.  the  RBC 
and  platelet  counts  in  mice  exposed  to  5.5  Ciy  were  recover¬ 
ing.  and  by  Day  28  they  were  within  20*.  of  unirradiated 
control  values.  On  Day  14.  the  surviving  mice  of  the  group 
given  5.75  Ciy  and  S-TDM  I  h  after  radiation  had  RBC  and 
platelet  levels  significantly  lower  (/*  •  0.05)  than  those  of 
mice  receiv  ing  S-TDM  I  h  after  5.5  Ciy. 

DISCISSION 

(•or  an  immunomodulator  to  Ik*  useful  as  a  therapeutic 
or  radioprotective  agent  in  the  context  of  mixed-field  radia¬ 
tion.  it  must  Ik*  effective  over  a  range  of  neutron  to  photon 
ratios  and  have  a  low  potential  for  toxicity.  Madonna  cl  til 
(”)  showed  that  TDM  and  a  synthetic  analog.  S-TDM. 
are  capable  of  increasing  survival  in  mice  exposed  to  an 
LD*„  i4i  dose  of  M’Co  radiation.  Additionally,  they  showed 
that  TDM-0  and  S-TDM  increase  the  survival  of  mice  ex¬ 
posed  to  a  sublethal  dose  of "'Co  y  radiation  and  challenged 
with  K  iincmiionitic  serotype  5.  In  our  experiments,  we 
have  used  the  more  severe  radiation  challenge  generated  by 
a  mixed  radiation  field  of  equal  doses  of  fission  neutrons 
and  photons.  Our  results  demonstrate  that  both  TDM-0 
and  S-TDM  formulations  are  effective  in  increasing  sur¬ 
vival  when  given  I  day  before  exposure  to  an  LDM>  vjdose 
of  mixed-field  radiation.  I  lowever.  only  TDM-0  is  effective 
at  increasing  survival  at  this  radiation  level  when  given  I  h 
after  radiation.  The  inability  ofS-TDM  to  increase  survival 
at  the  LDn,  w.  radiation  level  when  given  1  h  after  mixed- 
field  radiation  isunelear.cspeciallysince  S-TDM  is  effective 
in  increasing  survival  to  an  equivalent  radiation  dose  when 
the  radiation  is  only  photons  (7).  The  differences  observed 
are  most  likely  due  to  the  slightly  different  effect  each  type 
of  radiation  has  on  cells  (21).  Specifically,  the  difference 


might  be  related  to  a  difference  in  the  ability  of  each  type 
of  radiation,  mixed-field  or  pure  y  radiation,  to  generate 
oxygen-derived  free  radicals  and  hydrogen  peroxide  that 
cause  peroxidation  of  membrane-polyunsaturated  fatty 
acids  (22).  Additionally,  squalcnc,  a  long-chain,  polyunsat¬ 
urated  hydrocarbon,  may  act  as  a  quencher  to  destroy  free 
radicals  and  hydrogen  peroxide  before  these  agents  can 
affect  membrane-polyunsaturated  fatty  acids.  This  concept 
is  consistent  with  the  increased  survival  observed  (Figs.  I 
and  5)  when  squalene  alone  is  given  and  might  also  explain 
the  increased  effectiveness  of  the  TDM-0  formulation. 

Synthetic  TDM  is  an  effective  therapeutic  agent  for  both 
endogenous  and  exogenous  infections  in  irradiated  mice. 
Mixed-field  radiation  doses  of  either  5.5  or  5.75  Gy  belli 
reduce  the  number  of  WBCs,  RBCs.  and  platelets  on  Days 
I  through  7  to  similar  levels.  However,  with  the  sublethal 
dose,  recovery  of  these  eellular  fractions  begins  by  Day  14, 
while  with  the  5.75-Gy  dose  they  remained  depressed.  If  the 
mice  receiving  the  sublethal  dose  of  radiation  are  chal¬ 
lenged  with  K  pumnotihw  on  Day  14  after  radiation  the 
number  of  organisms  required  for  an  I.D*i  V)  is  equivalent 
to  unirrudiated  controls.  1.4  *  I0J.  However,  if  these  mice 
are  challenged  on  Day  4.  the  f.D*.  *,  is  reduced  to  8 1  organ¬ 
isms.  If.  however,  mice  receive  $**f  DM  I  h  after  irradiation. 
40*.  of  those  challenged  are  able  to  survive  5000  times  the 
I-Dm  m  dose  of  the  organisms.  An  identical  experiment  us¬ 
ing  TDM-0  had  8(T/  survival  at  this  level  of  bacterial  chal¬ 
lenge.  From  our  results,  it  isclear  that  S-TDM  is  an  effective 
therapeutic  agent  at  moderate  mixed-field  radiation  levels 
and  an  effective  therapeutic  agent  at  both  moderate  and 
high  levels  of'To(  7). 

Preliminary  data  suggest  that  S-TDM  increases  the 
amount  of  tumor  necrosis  factor  (TNF)  present  in  the  24-h 
supernatants  of  macrophages  isolated  from  B6D2PI  mice 
given  S-TDM  either  I  day  before  or  I  h  after  exposure  to 
an  LD«i dose  of  mixed-field  radiation,  compared  to  radia¬ 
tion  and  S-TDM  controls.  Measurement  of  interleukin  I 
(11,-1)  in  the  same  supernatants  showed  a  decrease  in  the 
amount  of  IL-I  present  when  S-TDM  is  given  in  conjunc¬ 
tion  with  radiation,  compared  to  radiation  alone.  If  these 
results  are  confirmed,  they  suggest  that  the  ratio  of  TNF  to 
IL-1  may  be  an  important  aspect  in  determining  whether 
mice  survive.  These  results  would  also  be  consistent  with 
the  work  ofNeta  using  y-irradiaied  C3H/HEN  mice  (S)  and 
the  work  of  Cross  with  unirradiated  and  bacterial-chal¬ 
lenged  C3H/HEN  mice  (23).  Furthermore,  they  would  be 
consistent  with  the  recent  finding  ofSIordal  <>/ ul.  (2-1).  who 
showed  that  murine  rTNF*«  given  before  sublethal  irradia¬ 
tion  reduced  the  decline  of  neutrophils  and  total  blood 
counts  after  irradiation  and  also  accelerated  the  subsequent 
normalization  of  peripheral  blood  cell  counts. 

In  conclusion,  both  S-TDM  and  TDM-0  offer  substan¬ 
tial  protection  to  endogenous  infection  when  given  I  day 
before  high  levels  of  mixed-field  radiation  but  only  TDM- 
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0  is  effective  ui  this  level  when  given  alter  irradiation.  Addi¬ 
tionally,  both  S-TDM  and  TDM-0  arc  effective  in  increas¬ 
ing  survival  in  irradiated  and  bactcria-chalknged  mice 
when  given  I  h  after  mixed-field  radiation.  The  use  of 
TDM-0  in  future  experiments  because  of  its  greater  effec¬ 
tiveness  when  compared  to  S-TDM  must  be  weighed 
against  the  reported  toxicity  of  native  TDM  preparations 
delivered  in  oil  emulsions  and  the  absence  of  toxicity  of  syn¬ 
thetic  analogs  of  TDM  at  equivalent  concentrations 
{25).  We  are  continuing  to  explore  the  interaction  of  dif¬ 
ferent  types  of  radiation  and  S-TDM  stimulation  of  TNF 
and  IL-I. 
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Neural  grafts  attenuate  behavioral  deficits  produced  by  early 
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Localized  X-irradiation  of  the  mitotic  ceils  In  the  nomaul  ral  hippocampus  produces  a  discrete  hypoptaila  of  the  fascia  denlala  granule  ceU 
layer  This  brain  damage  tnhiliits  ihc  acquisition  of  a  pa  woe  avoidance  lash,  and  stimulaies  spontaneous  perseverative  turning  (without 
reversals)  in  a  plastic  hemisphere  apparatus  Mere  we  report  how  transplantation  of  fetal  brain  tissue  can  attenuate  these  radiation-induced 
behavioral  deficits  The  partially  shielded  cerebral  hemispheres  of  neonatal  rats  received  fractionated  exposures  to  13  Gray  (Gy)  of  X-rays 
during  the  first  lb  days  post  partum  This  procedure  depicted  90%  of  the  hippocampal  granule  cells  while  sparing  other  brain  areas.  Control 
animals  were  sham  irradiated  Havclinc  behavioral  lots  were  conducted  when  subjects  reached  an  average  age  of  14?  ±  4  days.  We  recorded 
behavioral  parameters  known  to  be  sensitive  to  hippocampal  damage:  (I)  passive  avoidance  performance,  and  (2)  perseverative  spontaneous 
turning  without  reversals  Irradiated  subjects  later  (average  age  ■  IK2  A  4  days)  received  intracerebral  transplants  of  either  fetal  (E20-2I) 
ncurontfncuronal  precursors  from  the  fascia  dentata  or  cerebral  cortex  (control  grafts).  Additional  controls  (both  irradiated  and 
sham-irradiated)  experienced  sham  surgical  procedures  or  received  no  surgical  manipulation.  Two  post-surgical  behavioral  retests  were 
accomplished  when  rats  were  2A5  £  5  and  351  i  A  days  old.  Kats  were  then  sacrificed  and  brains  were  treated  bnlologkxlly  to  assess 
radiation-induced  brain  damage,  graft  survivability  and  graft  locus.  Both  hippocampal  and  cerebral  cortex  grafts  generally  facilitated 
performance  on  the  passive  avoidance  task.  This  effect  was  most  prominent  during  the  lint  post-surgical  test.  Hippocampal  transplants 
(especially  those  found  to  reside  in  ihc  damaged  hippocampus)  also  significantly  attenuated  perseverative  spontaneous  rotation  at  the  time  of 
the  final  post-surgical  test  series  Cortex  grafts  found  within  the  damaged  hippocampus  did  not  ameliorate  perseverative  movements,  while 
cottex  grafts  located  outside  the  hippixampus  significantly  reduced  thk  behavioral  deficiency.  These  data  suggest  that  selected  behavioral 
deficits  may  be  attenuated  by  transplanting  fetal  neural  tissue  long  after  early  radiation-induced  brain  damage.  The  success  of  these  procedures 
depends  on  a  number  of  factors  including:  (I)  ihc  behaviors  chosen  for  analysis,  (2)  the  lime  after  transplantation  that  behavioral  lc*i#  are 
conducted,  and  (3)  the  source  ami  final  location  of  the  donor  neural  I  issue. 


INTRODUCTION 

A  growing  literature  suggests  that  brain  injuries,  once 
believes!  to  be  irreversible,  may  now  be  successfully 
treated  through  the  use  of  techniques  involving  neural 
transplantation  of  embryonic  brain  tissue.  Such  grafis 
typically  exhibit  growih,  long-term  survival  and  some 
degree  of  organotypic  differentiation.  Further,  normal¬ 
ization  of  neurophysiological,  neuroendocrine  and  be¬ 
havioral  functions  have  also  been  reported  (for  reviews 
see  refs.  3.  13.  46). 

By  virtue  of  its  precise  internal  organization  and  its 
postulated  involvement  in  learning,  memory  and  other 
higher  cognitive  functionsSUM"4\  the  hippocampus  has 
been  one  of  the  most  extensively  invest  jtted  neuroana- 
lomical  targets  in  studies  involving  neural  grafting.  For 
example,  transplants  of  septal  tissue  placed  into  the  site 
of  fimbria-fornix  lesions  can  develop  in  the  host  brain  and 


innervate  the  hippocampus  with  terminal  patterns  similar 
to  those  in  the  normal  animal*  u\  These  grafts  have 
elecirophysiologically  functional  synapses  and  they  can 
significantly  reduce  maze  learning  deficits  usually  ob¬ 
served  in  animals  with  fimbria-fornix  lesions*1,5*.  Re¬ 
cently,  other  investigators  have  found  that  transplanta¬ 
tion  of  fetal  hippocampal  tissue  into  the  site  of  a 
hippocampal  aspiration  lesion  can  produce  partial  recov¬ 
ery  of  spatial  maze  learning**  and  improve  performance 
on  an  operant  task  requiring  low  response  rates*7. 

In  many  brain  lesion  experiments  difficulties  in  inter¬ 
pretation  may  arise  due  to  lack  of  lesion  uniformity  and 
the  nonspecific  collateral  brain  damage  often  produced  as 
part  of  surgical  procedures.  However,  Bayer  and  Peters1 
have  reported  that  discrete  and  fairly  uniform  lesions  of 
the  granule  cells  in  the  hippocampal  dentate  gyrus  (fascia 
dentata)  may  be  observed  after  X-irradiation  of  the 
neonatal  rat  brain.  Radiation-induced  hypoplasia  of  the 
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granule  cells  effectively  disrupts  a  major  input  to  the 
hippocampus  by  eliminating  the  target  of  cells  in  the 
perforant  path  (from  cntorhinal  cortex).  Therefore, 
although  the  lesion  is  discrete,  it  often  produces  behav¬ 
ioral  consequences  similar  to  hippocampectomy""'4. 
Bayer  ct  al.*  described  locomotor  hyperactivity,  reduced 
spontaneous  alternation  in  a  T  maze  and  retarded 
acquisition  of  a  passive  avoidance  task  in  rats  with  early 
radiation-induced  damage  of  the  fascia  dentata.  More 
recently,  we**  ^  replicated  and  extended  this  work  by 
revealing  that  rats  with  hypoplasia  of  the  fascia  dentata 
granule  cells  also  exhibit  perseverative  spontaneous 
movements. 

'Die  usefulness  of  this  lesion  method  in  the  study  of 
hippocampal  transplantation  techniques  was  established 
by  Sunde  ct  al.*:  and  later  by  Zimmer  et  al.w  who 
reported  how  grafts  of  fascia  dentata  granule  cells  can 
restore  normal  neuronal  circuitry  initially  disrupted  by 
early  X-ray  exposure.  In  the  current  experiment  we 
evaluated  the  ability  of  granule  cell  transplants  to  reduce 
behavioral  dysfunctions  associated  with  radiation-in¬ 
duced  hypoplasia  of  the  dentate  granule  cells.  Here  we 
report  that  hippocampal  grafts  can  reduce  perseverative 
movements  and  deficits  in  the  acquisition  of  a  passive 
avoidance  task.  However,  these  behavioral  benefits 
depend  on  a  number  of  factors  including:  (1)  the 
behaviors  chosen  for  analysis,  (2)  the  time  after  trans¬ 
plantation  that  the  behavioral  tests  are  conducted,  and 
(3)  the  neuroanatomical  source  and  final  location  of  the 
transplanted  tissue. 

MATERIALS  AND  METHODS 
Subjects 

Pregnant  rats  (Crl:  CD(SD)BR}  obtained  from  Charles  River 
Labs,  Kingston,  NY,  and  screened  for  evidence  of  disease  were 
booted  in  a  facility  accredited  by  the  American  Association  for 
Accreditation  of  Laboratory  Animal  Care  (AAALAC).  Tempera¬ 
ture  and  relative  humidity  in  the  animal  rooms  were  held  at 
19-21  *C  and  50  ±  10%,  respectively,  with  10+  air  thanges/h. 
Full-spectrum  lighting  was  cycled  at  12  h  intervals  (lights  on  at  06.00 
h)  with  no  twilight.  The  59  male  rats  used  in  these  experiments  came 
from  a  total  of  23  different  litters.  On  the  day  of  birth  (day  1 )  litters 
were  culled  and  only  4-8  maleslitter  were  reared  together.  Bated 
on  a  random  selection  process,  from  1  to  7  of  these  rats  in  each  litter 
were  actually  used  in  the  experiments  reported  here.  AU  rats  were 
weaned  at  the  same  time  (between  23  and  28  days  after  birth)  and 
then  individually  housed  in  micro-isolator,  polycarbonate  cages  on 
hardwood  chip  contact-bedding.  Rats  were  given  ad-iib  Wayne 
Rodent  Blox  and  acidified  water  (HQ,  pH  2.5  to  prevent  the  spread 
of  Pseudomonas),  Palatability  studies  indicalc  that  animals  do  not 
prefer  tap  water  to  acidified  water  and  that  there  are  no  deleterious 
effects  of  this  water  treatment  over  the  lifetime  of  the  subject  (for 
review,  sec  ref.  55). 

Irradiation  procedure 

Subjects  from  each  litter  were  randomly  assigned  to  either  the 
X-irradiatcd  or  the  sham-irradiated  (control)  group.  Irradiated  rats 
received  collimated  X-rays  (Phillips  Industrial  300  kvp  X-ray 
machine,  Phillips,  Inc.,  Mahwah,  Ni;  configured  with  I.S  mm  of 


copper  filtration,  with  a  half-value  layer  of  2.5  mm  copper) 
delivered  dorsally,  in  the  coronal  plane,  through  a  narrow  slot  hi  a 
loose-fitting  whole-body  lead  shield.  X-rays  were  confined  to  that 
atca  of  the  head  previously  determined  to  contain  the  hippocampus. 
Determinations  of  the  location  of  the  hippocampal  formation 
relative  to  external  landmarks  (c.g.  snout,  eye*,  cars)  were  made 
during  preliminary  dissections  of  other  neonatal  rat*.  These  external 
landmarks  were  subsequently  used  to  set  the  position  of  the  slot  in 
the  lead  shield  during  our  irradiation  procedure.  The  measurements 
and  anatomical  landmarks  we  used  for  shield  placement  corre¬ 
sponded  closely  to  those  previously  reported  by  Bayer  and  Peters*. 
The  slot  in  the  shield  was  the  opening  between  2  movable  lead  strip* 
(22.8  cm  x  6.8  cm  x  2  cm)  suspended  just  above  the  heads  of  the 
rats  in  the  radiation  exposure  array.  The  opening  extended  laterally 
beyond  the  full  width  of  each  rat  head  and  varied  between  5-10  mm 
in  the  antcrior/poslctior  plane  In  order  to  accommodate  the  growth 
of  the  hcad/brain  over  the  course  of  the  radiation  treatment  (sec  ref. 
8  for  a  complete  explanation  of  this  procedure).  The  irradiated  rats 
were  exposed  to  2.0  Gtay  (Gy)  on  postnatal  days  I  and  2  (day  of 
birth  ■  postnatal  day  I),  and  ;o  1.5  Gy  on  postnatal  days  5, 7, 9, 
12, 14,  and  16  for  a  total  partial-head-only  dose  of  13  Gy  (1  Gy  ■ 
I0t)  rads).  Doses  were  determined  by  using  Exradin  0.05  ml 
t  issue -equivalent  km  chambers  with  calibration  traceable  to  the 
National  Institute  of  Standards  and  Technology,  X-rays  were 
delivered  at  a  rate  of  0.49  Gy/min  (total  irradiation  time  **  3. 0-4.0 
min)  at  a  depth  of  2  mm  in  tissue.  The  sham-foadiated  control  rats 
were  restrained  for  the  same  time  period  as  the  irradiated  rats  but 
were  not  exposed  to  X-rays. 

The  entire  antcriorfpostcrior  extent  of  the  hippocampal  formation 
was  irradiated  as  were  brain  areas  dorsal  and  ventral  to  this 
structure  (see  ref.  44  for  a  listing  of  these  other  brain  areas).  Brain 
structure*  anterior  and  posterior  to  the  slot  in  the  lead  were 
shielded.  At  the  time  of  our  postnatal  radiation  exposures  the  rat 
brain  contained  three  remaining  populations  of  dividing  (and 
therefore  radiosensitive)  cdts:  neuronal  precursors  of  granule  cells 
in  the  hippocampus,  cerebellum  and  olfactory  bulbs*'1,  TWo  of  these 
major  neuronal  precursor  populations  (in  the  cerebellum  and 
olfactory  bulbs)  were  covered  by  the  radio-opaque  shielding.  Not 
shielded  were  the  mitotic  (radiosensitive)  granule  celts  of  the 
dentate  gyrus  and  the  mature  neurons  in  other  brain  structure* 
residing  in  the  same  coronal  plane  as  the  hippocampus.  This 
procedure  produces  selective  hypoplasia  of  granule  cells  in  the 
dentate  gyrus****  while  sparing  the  radioresistant'***  mature  neu¬ 
rons  of  other  brain  structures.  The  technique  hat  been  validated 
through  a  variety  of  neuroanatomical  methods1-*-**.  The  rats  in  the 
current  study  were  sacrificed  at  the  end  of  the  experiment  to  allow 
histological  analysis  of  the  brain  (see  below). 

General  procedures  and  experimental  groups 

Following  irradiation,  rats  were  allowed  to  mature  for  approxi¬ 
mately  4  months  (mean  age  147  ±  4  (S.E.M.)  days)  before  baseline 
behavioral  testing  began.  Neural  transplantation  and  sham -surgical 
procedures  were  conducted  approximately  5  weeks  following  the 
baseline  tests.  Rats  were  retested  approximately  2.8  months  (at 
mean  age  of  265  ±  5  (S.E.M.)  days)  and  again  at  5.6  month*  (mean 
age  of  351  ±  6  (S.E.M.)  days)  after  the  surgical  procedures. 

Thirty-seven  experimental  rats  were  irradiated  in  order  to 
produce  hypoplasia  of  the  f stria  dentata  granule  cells.  Rats  were 
later  randomly  assigned  to  various  surgical  conditions.  Some  of 
these  animals  received  hippocampal  grafts  («  ■  9)  or  tissue  from  a 
non -homologous  CNS  arc*'  (cerebral  cortex)  (ft  “  8).  Other 
irradiated  subjects  («■!!)  received  no  neural  grafts  but  underwent 
a  sham-surgical  procedure  in  order  to  evaluate  the  effects  of  our 
surgical  techniques.  Additional  rats  f ft  ■  9)  with  radiation-induced 
fascia  dentata  damage  received  no  surgical  treatment.  Sham- 
irtadialcd  control  rats  also  underwent  a  sham-surgical  procedure  (ft 
*»  15)  or  experienced  no  surgery  (n  =  7). 

Behavioral  tests 

During  each  test  series  we  recorded  performance  on  2  primary 


282 


behavioral  measures:  passive  avoidance  and  spontaneous  r oration 
(see  below).  Rat*  with  fascia  dentata  granule  cell  hypoplasia 
perform  poorly  on  passive  avoidance  tasks  by  readily  moving  into 
an  area  in  which  they  have  recently  been  shocked.  These  subjects 
also  become  fixated  on  some  motor  response  patterns.  They  exhibit 
perseverative  turning  (in  a  bowl  apparatus!  and  arc  less  likely  to 
reverse  their  direction  of  rotation**"-**  .  The  order  of  bchav* 
(oral  tests  was  randomized  for  each  subject  within  each  test  series. 

We  also  recorded  the  spontaneous  locomotor  activity  of  subject 
during  each  of  the  3  lest  series  (baseline  and  2  post-surgical  retests). 
Non-transplanted  rats  with  radiation-induced  hippocampal  damage 
exhibited  an  initial  locomotor  hyperactivity  during  baseline 
testing"  *  However,  we  have  found  that  hyperactivity  decreased 
markedly  as  the  animals  matured*.  Since  locomotor  hyperactivity 
spontaneously  recovered,  this  measure  proved  to  be  less  useful  in 
the  evaluation  of  the  transplantation  manipulation  and  has  been 
eliminated  from  the  current  discussion. 

Spontaneous  rtnat ion 

Rotation  was  measured  in  one  of  two  opaque,  sound-insulated,  60 
cm  diameter  plastic  hemispheres  (bowls).  Rotation  within  the 
hemisphere  was  inevitable  since  this  was  the  primaiy  gross  move¬ 
ment  permitted  by  the  shape  of  the  apparatus.  Circling  was 
measured  through  a  projector-drive  cable  clipped  to  a  wide  rubber 
band  around  the  rat's  thorax.  Following  the  design  of  Grccnstcin 
and  Click1*,  the  cable  turned  a  slotted  illuminated  disk  uncovering 
one  of  4  phototransistors.  The  time  and  direction  of  each  quarter 
turn  in  each  of  6. 30  min  sessions  was  recorded  on  a  microcomputer. 

Rats  were  tested  at  approximately  the  same  time  during  the  light 
portion  of  the  day  for  6  consecutive  days.  After  each  rat  was  put  into 
the  hemisphere  and  the  cable  clipped  to  its  band  harness,  the 
hemisphere's  sound-attenuating  lid  was  lowered,  leaving  a  0.5  mm 
gap.  Spontaneous  turning  was  recorded  for  0.5  h.  Bowls  were 
thoroughly  washed  between  runs.  In  order  to  control  for  an 
apparatus  bias,  daily  runs  were  alternated  between  two  test 
hemispheres. 

Passive  avoidance 

Passive  avoidance  was  measured  within  a  shuttle  box  comprised 
of  two  adjacent  compartments  (each  22  x  22  x  22  cm)  separated 
by  a  Mack  plastic  guillotine  door.  Each  compartment  was  made  of 
Mack  plastic  except  for  the  top  and  the  front  walls  which  were  dear. 
The  goal  compartment  was  identical  to  the  start  box  except  for  a 
small  nonoperalivc  light  on  the  wall  at  the  far  end  and  a  plastic  food 
tray  on  this  wall  2  cm  off  the  floor.  The  floor  was  made  of  metal  rods 
(0.5  cm  diameter,  1,7  em  apart).  Leads  from  a  Coulbourn 
Instrument’s  (Lehigh  Valley.  PA)  constant-current  shocker  (Model 
EI3-04)  were  connected  to  the  floor  bars  in  the  goal  compartment 
but  not  to  the  bars  in  the  stait  compartment. 

Three  to  7  days  before  training,  rats  were  given  daily  rations  of 
5  g  of  Wayne  Rodent  Blox  and  1-5  g  of  MgMy  palatable  breakfast 
cereal  (Froot  Loops,  Kellogg  Company,  Battle  Creek,  Ml).  For  2-4 
days  before  training,  exh  rat  was  allowed  to  fully  explotc  the 
shuttle  box  (with  cereal  in  the  food-tray)  for  15-45  min.  Body 
weight  on  the  first  day  of  training  averaged  87%  of  weight  for  the 
week  prior  to  food  reduction.  During  training  (IS  trials  each  day) 
the  rat  was  plxcd  in  the  start  compartment  with  the  divider  door 
closed.  After  5  s  rite  door  was  raised  and  a  timer  started.  The  trial 
ended  cither  when  the  rat  grasped  a  Froot  Loop  or  in  2  min. 
Between  training  trials,  the  rat  was  returned  to  its  home  cage  for  30 
s.  Avoidance  testing  was  started  when  a  rat  both  averaged  less  than 
10  s  per  trial  to  grasp  the  food  during  a  training  session  and.  on  the 
first  5  trials  of  the  following  day,  had  a  median  latency  to  grasp  the 
food  of  10  s  or  less. 

Avoidance  Irainingftesting  consisted  of  initiating  a  regular  training 
trial  as  usual.  However,  when  the  rat's  4  feet  were  in  the  goal  box. 
the  experimenter  administered  a  0.25  mA  scramMcd  footshock  until 
the  rat  retreated  to  the  safe  side.  The  rat  was  then  returned  to  its 
home  cage  for  60  s.  This  procedure  was  repeated  on  subsequent 
trials  except  that  the  floor  on  the  food  side  of  the  chamber  was 


continuously  electrified.  The  critical  latency  measured  was  the  time 
for  exh  rat  to  cross  onto  the  shock  grid.  A  trial  was  terminated  if 
the  rat  cither  crossed  onto  the  food/shock  side  of  the  chamber 
(registering  a  decrease  in  resistance  across  the  rods)  or  stayed  on  the 
safe  side  for  120  s.  The  session  (and  test)  wax  ended  when  the  rat 
remained  in  the  safe  area  for  120  s  on  three  consecutive  trials  or 
after  20  lest  trials.  After  exh  session  the  apparatus  was  thoroughly 
cleaned  and  paper  under  the  rod  floor  was  replaced. 

Surgery,  fetal  graft  preparation  and  Infection 

Fifteen  of  the  sham-irradiated  rats  and  28  of  the  irradiated 
animals  underwent  a  surgical  procedure  approximately  5  weeks  after 
the  baseline  behavioral  test  scries  (mean  age  at  time  of  surgery  •* 
182  4  4  (S.E.M.)  days).  The  animals  were  injected  with  atropine 
sulfate  (0.4  mg/kg,  i.p.)  and  then  anesthetized  with  sodium 
pcntobarMlal  (50  mg/kg,  i.p.).  Using  aseptic  techniques,  the  scalp 
was  opened,  a  hole  was  drilled  on  both  sides  of  the  cranium  adjacent 
to  the  midline,  and  the  dura  mater  was  broken  with  a  probe.  In  each 
brain  hemisphere  a  20  gauge  stainless-steel  cannula  was  stereotax- 
kally  directed  toward  the  dentate  gyrus  of  the  hippocampal 
formation  using  the  following  coordinates:  3.5  mm  posterior  to 
bregma;  1.6  mm  lateral  to  the  midline;  4.0  mm  below  the  skull*. 
Donor  tissues  (see  below)  were  cut  into  approximately  0.027  mm1 
fractions  before  3  or  4  of  the  pieces  were  suspended  in  tissue  culture 
medium  (Dulbecco's  modified  Eagle  medium,  Whittaker  M.A. 
Bioproducts,  Walkcrsvilk,  MD)  and  injected  into  each  side  of  the 
host  brain.  The  total  injection  volume  was  3.0-4.0>ri.  Following  this 
procedure  the  scalp  was  sutured  and  subjects  were  returned  to  their 
home  cages.  Some  of  our  subjects  underwent  a  sham-surgical 
procedure  and  were  treated  as  described  above  except  that  there 
was  no  fetal  tissue  injected  into  the  brain  along  with  the  tissue 
culture  medium.  Full  recovery  was  allowed  since  the  next  behavioral 
test  series  did  not  commence  until  almost  100  days  after  this  surgery. 

Donor  CNS  tissue  used  for  transplantation  was  dissected  from 
E2Q  to  E2I  rat  fetuses.  Each  embryo  was  removed,  as  needed,  while 
the  dam  was  maintained  under  deep  anesthesia  (sodium  pentobar¬ 
bital.  55  mg/kg,  i.p.).  Following  exposure  of  the  brain  and  spinal 
cord  of  the  fetuses,  these  tissues  were  removed  and  transferred  to 
sterile  tissue  culture  medium.  The  meninges  and  dorsal  root  ganglia 
were  removed  and  specific  regions  of  the  CNS  were  dissected  using 
methods  similar  to  those  previously  described  by  Stcncvi  ct  al.M. 
Donor  tissue  was  taken  from  either  the  dentate  gyrus  of  the 
hippocampus  or  from  the  cerebral  cortex.  The  hippocampal  tissue 
used  for  transplantation  consisted  predominantly  of  the  granule  cells 
(and  precursors)  from  fascia  dentata.  However,  interneurons  and 
cells  from  CA3  were  also  present  in  many  of  the  grafts. 

Histology 

After  behavioral  testing  was  completed,  our  rats  were  anesthe¬ 
tized  and  perfused  with  heparinized  saline  followed  by  10%  buffered 
formalin.  Brains  were  embedded  in  paraffin,  serially-sectioned  (6 
ftm)  (in  either  the  coronal  or  sagittal  plane)  and  then  stained  with 
Cresyl  violet  and  Luxol  fast  Mue*.  The  brains  of  all  subjects 
receiving  neural  t>«nsplants  were  reviewed  by  one  of  us  (G.A.M.) 
who  was  Mind  to  the  behavioral  results.  During  this  review  we 
confirmed  the  prcscncc/absence  of  the  grafts,  evaluated  graft 
morphology  and  determined  the  ncuroanatomical  location  of  the 
neural  transplants. 

All  brains  also  receive  ’ .  eliminary  review  to  confirm  radiation- 
induced  damage  to  the  d.-ntatc  gyrus.  In  addition,  several  (irradi¬ 
ated,  n  »  20;  sham-irradiated,  n  ■  20)  non-transplanted  brains  were 
randomly  selected,  sliced  in  sagittal  section,  and  analyzed  in  more 
detail.  A  single  section  (approx.  1.9  mm  lateral  to  the  midline)44  was 
used  for  this  analysis  to  (I)  estimate  the  degree  of  fascia  dentata 
injury  and  (2)  survey  the  other  brain  areas  (olfactory  bulb  and 
cerebellum)  that,  although  shielded  from  irradiation,  are  known  to 
contain  granule  cells  mitotic  at  the  time  of  radiation  treatment.  We 
counted  the  total  number  of  granule  cells  that  could  be  visualized 
in  the  single  section  of  the  dentate  gyrus  used  in  this  analysis.  Cell 
counts  were  accomplished  under  250 x  total  magnification  by  a 
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single  observer  Nuclear  cell  counts  were  used  m  order  to  avoid  the 
error  caused  by  double  or  triple  nucleoli  The  ore.  cytoplasmic 
staining  ami  nuclear  structure  of  granule  cells  usually  makes  them 
distinguishable  from  glial  cell**  **  However,  ihe  possibility  cannot 


he  ruled  our  that  Mime  of  the  astroglial  eelh  may  have  aHo  been 
counted,  lire  Impact  of  this  povdMc  error  its  reduced  by  the  fact  that 
the  number  of  glial  celh  ir.  the  fascia  dentata  ht  extremely  tew’*.  In 
addition.  after  neonatal  irradiation*  similar  to  thoM  described  here. 


Fig.  I  Representative  sagittal  sections  (approximately  1 .9  mm  lateral  to  the  midlinc }  from  a  rat  with  X-ray-induced  hypoplasia  of  fascia  dentata 
granule  cells  (A)  or  u  sham-irradiated  control  rat  with  an  intact  dentate  gyrus  (B). 
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Bayer  and  Altman*  repotted  that  the  granule  cell  population 
remain*  significantly  reduced  into  adulthood  while  the  |Jia  show  an 
initial  reduction  in  number  followed  by  a  complete  regeneration  to 
normal  level*  within  60*90  day*’.  Thu*  our  ceil  count*  in  the  fatcia 
denut*  of  the  I -year-old  adult  rat  would  presumably  not  reflect  a 
radiation-induced  alteration  in  glial  population.  Using  an  imaging 
system  (Biuquanl  System  IV,  RAM  Biometries,  Inc.,  Nashville.  TN) 
we  also  derived  the  area  of  the  dentate  gyrus,  computed  the  cellular 
density  of  the  structure  and  the  thickness  of  the  granule  cell  layer. 
In  order  to  confirm  that  the  shielding  of  other  brain  areas  was 
sufficient,  we  also  counted  granule  cell*  in  a  0.004  mm’  area  in  the 
cerebellum  and  olfactory  bulb.  Further,  we  evaluated  the  sparing  of 
another  more  mature,  and  therefore  less  radiosensitive,  hippo¬ 
campal  structure  by  counting  the  thickness  of  the  CAI  pyramidal 
cell  layer  that  was  dorscl  to  the  dentate  and  directly  in  the  path  of 
the  X-radiation. 

Brain*  with  neural  grafts  were  further  analysed  by  estimating  the 
volume  of  the  transplants.  Using  the  Bioquant  Imaging  System,  we 
made  measurements  of  graft  areas  within  every  eighth  brain  section 
throughout  the  full  extent  of  the  transplants.  Estimate*  of  graft 
volume*  were  calculated  by  multiplying  the  area  of  the  transplant 
(visualized  in  each  section)  by  the  thickness  of  tissue  between  the 
sections  sampled  (7  section*  x  6  pm  section  ■  42  /rm)  and  then 
summing  these  scores  for  each  graft.  When  more  than  one 
transplant  was  visualized  in  a  particular  brain,  the  individual  graft 
volume*  were  added  to  get  a  total  transplant  volume  for  that 
subject. 

IhM  twntlytii 

lit  both  of  our  behavioral  tests  irradiated  and  sham-irradiated 
subject*  that  experienced  the  sham-surgical  procedure  were  not 
significantly  different  (r-tests)  than  rats  with  no  surgkal  history. 
Therefore,  sham-surgery  and  no-surgery  treatment  group*  were 
combined  for  all  statistical  analyse*  reported  here. 

We  assessed  performance  on  the  passive  avoidance  task  by 
analyzing  the  lime  spent  in  the  safe  compartment  before  moving 
onto  the  shock  grid.  Of  primary  interest  were  latencies  on  the 
second  trial  during  the  test  day  since  this  was  the  first  avoidance 
trial.  Long  latencies  to  move  on  the  trial  immediately  foliowing  the 
initial  foot  shock  reflected  superior  passive  avoidance  performance. 

Spontaneous  pcrscvcralive  rotation  was  quantified  by  recording 
the  bout  length  each  lime  before  a  reversal  in  turning  direction  was 
made.  The  mean  turning  bout  length  for  each  of  the  A  daily  lest 
session*  was  computed  by  dividing  the  total  quarter  turn*  (in  either 
the  dominant  or  non-dominant  direction)  by  the  number  of  bouts  of 
quarter  turn*  (without  reversal  of  direction)  in  that  session. 
Statistical  comparisons  were  computed  using  each  rat's  average 
bouth  length  score.  This  was  the  mean  of  the  daily  bout  length*  for 
the  6  session*  in  the  test  series. 

Where  appropriate,  we  accomplished  group  comparisons  within  a 
particular  test  series  by  using  a  one-way  analysis  of  variance 
(ANOVA)  or  a  Mest.  When  assumptions  of  homogeneity  of 
variance  could  not  be  met  by  using  the  raw  data  we  transformed  the 
scores  to  logarithms.  If  the  ANOVA  revealed  statistically  significant 
difference*  (a  m  0.05)  we  usually  conducted  a  priori  paired 
comparisons  using  r-tests<*. 

RESULTS 


Histological  confirmation  of  fascia  dentata  granule  cell 
hypoplasia 

Exposure  of  a  portion  of  the  neonatal  cerebral  hemi¬ 
spheres  to  early,  fractionated  doses  of  ionizing  radiation 
produced  a  selective  reduction  in  granule  cells  of  the 
hippocampal  dentate  gyrus  while  sparing  other  brain 
areas  (see  Fig.  1  and  Table  I).  Specifically,  exposure  of 
the  neonatal  rat  hippocampus  to  ionizing  radiation 


produced  a  statistkally-significant  90%  (f*  «  -22.4,  P  < 
0.001)  depletion  in  the  number  of  dentate  granule  celts. 
Similarly,  both  the  areas  and  the  granule  cell  densities  of 
(he  irradiated  dentate  gyri  were  significantly  reduced 
compared  to  those  of  the  control  rats  (rM  ■  -13.8,  P  < 
0.001  and  tM  ■  -6.6,  P  <  0.001,  respectively).  The 
specificity  of  this  damage  is  illustrated  by  the  sparing  of 
the  pyramidal  CAI  neurons  that  were  directly  in  the  path 
of  the  X-rays.  Irradiation  produced  no  significant  change 
in  the  thickness  of  the  CAI  pyramidal  cell  layer,  yet  the 
thickness  of  the  dentate  granule  cell  layer  was  signifi¬ 
cantly  reduced  {tM  ■  -20.0,  P  <  0.001). 

The  granule  cell  populations  (i.e.  number  of  cells/unit 
area)  of  the  olfactory  bulb  and  the  cerebellum  were  not 
significantly  altered  by  the  irradiation  treatment  (86% 
and  1 10%  of  control,  respectively).  Correlations  were  not 
statistically  significant  between  granule  cell  densities  in 
the  dentate  gyrus  and  those  in  the  cerebellum  or  olfactory 
bulb.  However,  the  granule  cell  densities  of  the  cerebel¬ 
lum  and  olfactory  bulb  (both  shielded  from  radiation 
exposure)  were  significantly  correlated  (r,*  -  0.58,  P  < 
0.01).  These  data  suggest  that  the  shielding  of  the 
olfactory  bulb  and  cerebellum  during  the  irradiation 
treatment  was  effective. 

Craft  survival,  location,  volume  and  cytology 

Three  or  4  pieces  of  fetal  tissue  were  injected  into  each 
hemisphere  of  our  experimental  subjects.  Since  individ¬ 
ual  grafts  appeared  to  fuse  together  in  some  cases,  it  was 
often  difficult  to  count  the  number  of  surviving  pieces  of 
transplanted  tissue.  Transplanted  rats  with  at  least  one 
viable  graft  were  included  in  the  data  pool  for  this  paper. 
Fascia  deniata  grafts  survived  in  9  out  of  10  rats  and 


TABLE  I 

Itiuotogknt  rktivid frtm  marly  tit  of tnpuol  sections  of  rat  brain 

Number*  are  mean*  and  (In  parentheses)  S.E.M.*. 


Anatotnkal  parameter 

Irradiated 

Sham  irradiated  %of 

f «-20j 

(n  -  20) 

control 

Number  of  dentate 

granule  cells 

177,7(9.3)* 

1771.5(90.7) 

10% 

Dentate  area  (mm5) 
Density  of  dentate 

0.5(0.02)* 

2.2(0,15) 

24% 

granule  cells  ((mm5) 
Thickness*  *  of  dentate 

349.1  (28.0)* 

824.2(69.9) 

42% 

granule  cell  layer 
Thickness**  of  CAI 

3.4  (0.2)* 

9.3  (0.4) 

36% 

pyramidal  cell  layer 
Density  of  olfactory  bulb 

2.6  (0.1) 

2.7  (0.1) 

96% 

granule  cell*  (/mm5) 
Density  of  cerebellum 

10300.0(695.5) 

11983.8(790.7) 

86% 

granule  cells  (fmm5) 

16850.0(545.4)  15325.0(739.8) 

110% 

*  Significantly  different  (r-tests)  from  sham-irradiated,  i*<  0.001. 
"  Number  of  cells. 


grafts  of  cerebral  cor  lex  tissue  survived  in  8  of  10  with  hippocampal  grafts  located  either  entirely  or  par* 
subjects  The  overall  survival  rate  was  85^.  tially  within  the  hippocampal  formation  (it  ■  6)  (see  ref. 

Following  histological  review  of  the  transplanted  44  for  the  anatomical  limits  of  this  structure),  (2)  animals 

brains  we  divided  subjects  into  4  categories:  (I)  animals  with  hippocampal  grafts  entirely  out  of  the  hippocampal 


Fig  2  Examples  of  fetal  brain  tissue  transplants  residing  in  an  adult  host  brain.  Higher  magnifkatiom  (B.D.F)  of  the  graft  In  the  adjacent 
section  ate  to  the  right.  Neural  grafts  from  the  hippocampus  (including  fascia  dcnlata  granule  cells}  were  placed  in  the  damaged  hippocampal 
formation  {A.B},  The  granule  cells  in  these  neuronal  grafts  often  exhibited  .  crescent-shaped  organisation  of  the  dentate  gyrus  (A.B.E.F). 
On  the  other  hand,  the  cells  in  cerebral  cortex  grafts  showed  little  lamination  (C.D).  Sometimes  both  hippocampal  tissue  transplants  (E.F) 
and  coitica!  gtafts  (C.D)  were  found  outside  of  the  host  hippocampal  formation  in  the  lateral  ventricle  or  cerebral  cortex.  Arrows  point  to 
grafted  tissue 
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formation  (ft  ■  3).  (?)  animals  with  cerebral  codex  grafts 
located  either  entirely  or  partially  within  the  hippocampal 
formation  (ft  *  3),  or  (4)  animals  with  cerebral  codex 
grafts  located  entirely  oat  of  the  hippocampal  formation 
(ft  ■  5),  These  groupings  were  used  to  determine  how 
graft  location  influenced  the  animal's  performance  on  our 
behavioral  measures. 

Our  analysis  of  graft  volume  revealed  that  most  of  our 
transplants  were  quite  small  relative  to  the  graft  sixes 
reported  elsewhere”1  Although  cerebral  cortex  grafts 
tended  to  be  slightly  bigger  (mean  *  0.58  mm’  ±  0.15 
(S.E.M.))  than  did  fascia  dentata  transplants  (mean  ■ 
0.33  mm' 1 0.08  (S.E.M.)).  this  difference  in  volume  was 
rot  statistically  significant  (nest).  Similarly,  the  volumes 
of  the  grafts  located  inside  the  hippocampal  formation 
did  not  differ  from  those  located  outside  this  structure. 
We  found  no  significant  correlations  between  graft  si/e 
and  post’Surgical  changes  recorded  on  the  spontaneous 
rotation  or  passive  avoidance  measures. 

General  eytological  examination  of  all  of  the  grafts 
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Fig  3.  l.cngth  of  an  average  how  of  quarter  turn*  dating  the  final 
pooswgkal  retest  in  the  pU*t)c  henMsphere  apparatus  Rat*  with 
raduiKMi' induced  fa*cia  denura  damage  (Rad)  and  no  neural 
tramplaat*  (RadSS  +  N.  i.e  .  combined  ‘>bam  surgery'  and  'no 
surgery'  subject*; it  ®  20)  exhibited  long  hows  of  coding  (nohow 
reversal*  in  direction)  Control  subject*,  without  brain  damage 
(diam;  n  *  22),  were  more  likely  to  break  up  their  movement 
pattern*  by  reversing  direction  of  movement.  Here  we  show  the 
performance  of  all  subjects  with  either  hippocampal  tHsne  grahg 
(Raditlipp  A!!;  n  ■  9)  or  icrebral  cortex  graft*  (RadCor  AN;  it  ■ 
it)  In  addition,  the  adjacent  bars  represent  subcategorics  of  thctc 
group*  in  which  the  hippocampal  (llipp)  or  cortical  (Cot)  tram- 
pi  ant*  were  found  to  he  placed  either  within  the  hippocampal 
formation  (llipp  in  Hipp.  it  *  6;  Cor  in  llipp.  ti  *  3)  or  outside  of 
its  anatomical  limits  (llipp  out  of  llipp,  it  «*  3;  Cor  out  of  llipp,  it 
>■  $).  Both  (I)  hippocampal  tissue  grafts  found  to  he  located  within 
the  hippocampal  formation  (RadWipp  in  llipp),  and  (2)  cerebral 
conex  tissue  transplant*  located  outside  of  the  hippocampus 
(RadCor  out  of  llipp),  were  effective  in  reducing  the  spontaneous 
perseverative  turning  of  rats  with  fascia  dentata  damage. 
*  Represents  group*  significantly  different  (f  <.  0.05;  sec  Results 
section  for  statistical  details)  from  the  rats  with  fascia  damage  that 
had  either  a  sham  surgical  procedure  or  experienced  no  surgery 
(Rad.’SS  +  N).  Variance  indicator*  are  the  standard  error*  of  the 
mean  (±  S.E.M.). 


indicated  that  they  were  extensively  differentiated  and 
well  vascularized.  Cerebral  cortex  transplants  showed 
little  internal  order  or  lamination  of  the  neurons  awl&e 
interiors  of  the  grafts  often  bad  whine  patchy  arer* 
of  cells.  In  the  hippocampal  grafts,  the  bask  organotypic 
organization  of  the  main  cell  and  neuropil  layers  was 
usually  preserved  and  the  cbaracteristiccr^' cent -shaped 
dentate  gyrus  was  frequently  observed  (see  Fig.  2). 
Granule  cells  were  most  frequently  seen  in  the  hippo¬ 
campal  grafts;  however,  other  neurons,  induding  inter- 
neurons  and  pyramidal  celts,  were  located  both  within 
and  outside  the  main  cell  layers.  Although  efforts  were 
made  to  restrict  placement  of  fetal  tissue  to  the  host 
hippocampus,  there  were  several  instances  in  which 
transplants  were  found  in  '..-c  lateral  ventricle  or  the 
cerebral  cortex.  Examination  of  the  extent  to  whkh  host 
and  graft  neuropils  were  fused  indicated  that,  while  dose 
apposition  was  frequently  observed,  integration  of  these 
natural  matrices  was  only  partially  achieved.  For  exam¬ 
ple.  implants  in  the  lateral  ventride  were  often  separated 
from  the  host  hippocampus  by  the  ependymal  lining. 
However,  there  were  many  eases  in  which  denuding  of 
the  ependyma  had  occurred  at  whkh  points  host  and 
graft  tissues  fused  without  an  intervening  cellular  parti¬ 
tion.  Those  grafts  embedded  within  the  parenchyma  of 
the  host  hippocampus  also  exhibited  partial  integration  of 
the  host  neuropil,  although  sometimes  regions  of  the 
donor  tissues  periphery  were  separated  from  the  host 
brain  by  scarring  or  cystk  cavities. 

SponnumHu  rmtkm 

Baseline  data  (collected  before  neural  grafting)  were 
analyzed  to  determine  the  initial  behavioral  effects  of 
early  fascia  dentata  granule  cell  hypoplasia.  This  analysis 
involved  grouping  irradiated  or  sham-irradiated  subjects 
without  regard  for  their  subsequent  transplant  group 
assignments.  Radiation-induced  hippocampal  damage 
ca.ised  rats  to  make  long  bouts  of  turns  in  a  plastic 
hemisphere  without  reversal  of  direction  (see  Fig.  3). 
Once  they  began  moving,  in  either  direction,  irradiated 
rats  perseverated  in  that  turning  to  an  extent  significantly 
greater  than  the  sham-irradiated  subjects  (r7J  ■  3.86,  P 
<  0.001).  Baseline  behavioral  responses  within  these 
irradiated  or  sham-irradiated  groups  were  fairly  homo¬ 
geneous.  This  was  evidenced  by  the  fact  that  the 
perseverative  turning  responses  of  rats  in  the  various 
surgkaOgraft  groups  were  not  signifkantly  different. 

During  the  first  post -surgical  retest,  rats  with  hippo¬ 
campal  damage,  hut  no  neural  grafts,  continued  to 
exhibit  signifkantly  longer  turning  bouts  (mean  bout 
kngth  *  5.32  quarter  turns)  than  did  intact  controls 
(mean  bout  kngth  *  2.7  quarter  turns)  (r5,  «  2.92,  P  < 
0.005).  Neither  hippocampal  nor  cortkal  grafts  signifi- 
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candy  altered  this  response  A  paired  nest  revealed  that 
the  mean  bout  length  of  non-transplantcd  .virradwied 
rats  was  significantly  higher  on  the  seconsl  post-operative 
test  than  on  the  first  (/,„  *  -1.91.  /’  *'  0.05).  Thus,  there 
existed  a  time-related  potentiation  of  perseverative 
movements  throughout  the  course  of  this  experiment  (see 
also  ref.  .VI), 

The  perseverative  turning  of  rats  with  hippoeamoal 
damage  was  most  apparent  during  the  final  behavioral 
test  series  (see  Fig.  3).  Using  data  from  this  test  we 
employed  an  ANOVA  to  compare  the  recipients  of  the 
hippocampal  or  cerebral  cortex  transplants  with  the 
irradiated  or  sham-irradiated  controls  without  grafts 
(f\  «  ■  5.32.  /’  ■  0.003).  As  expected,  rats  with  fascia 
dentata  granule  cell  hypoplasia  had  longer  bouts  of 
circling  than  did  sham-irradiated  controls  (/«  »  3.75,  /* 
0.001).  Our  analysis  of  the  rotation  responses  of 
transplanted  subjects  was  organized  into  2  segments.  In 
the  first  data  examination,  the  behavioral  response  of  rats 
with  hippocampi  or  cerebral  cortex  tissue  transplants 
was  assessed  without  recognition  of  the  graft  location. 
While  the  subjects  with  hippocampi  transplants  showed 
some  behavioral  recovery,  the  turning  bout  lengths  of 
neither  animals  with  hippocampi  nor  cortical  tissue 
transplants  were  significantly  different  from  non-lrans- 
planted  subjects  with  fascia  dentata  damage.  In  the 
second  data  treatment,  rats  in  each  of  our  transplant 
group  were  subdivided  into  those  with  giafts  within  the 
hippocampi  formation  and  those  with  grafts  outside  the 
hippocampi  formation  (see  'General  procedures  and 
experimental  group'  section).  Rats  with  hippocampi 
tissue  grafts  residing  within  the  hippocampi  formation 
exhibited  significantly  shorter  bouts  of  turning  than  did 
the  subjects  with  ectopic  transplants  (f7  *  4.05,  P  ■ 
0.002).  Further,  the  mean  turning  bout  length  of  animals 
with  homotopic  grafts  was  signifies1  *ly  lower  than  that  of 
irradiated  subjects  without  grafts  (r,4  *  -2.26,  P  < 
0.02)47  and  not  different  from  sham-irradiated  controls 
(see  Fig.  3). 

The  behavioral  responses  of  animals  with  cerebral 
cortex  transplants  within  the  hippocampi  formation 
were  more  variable  than  those  of  other  subjects  (see  Fig. 
3).  Although  it  was  not  a  statistically  significant  effect, 
these  subjects  had  longer  mean  turning  bout  lengths  than 
did  the  rats  with  fascia  dentata  damage  alone.  Rats 
having  cerebral  cortex  tissue  grafts  located  outside  the 
hippocampi  formation  (usually  in  the  cerebral  cortex  or 
lateral  ventricles)  showed  a  very  different  behavioral 
response.  These  animals  reduced  their  prseverative 
turning  to  levels  significantly  below  those  of  irradiated 
rats  with  no  grafts  (fy  =  -2.34,  P  -  0.003)  and  not 
significantly  different  from  rats  with  no  radiation-induced 
brain  damage.  Although  the  behavioral  variability  on  the 


spontaneous  rotation  task  was  largest  in  the  rats  with 
cortical  grafts  located  within  the  hippocampus,  the  range 
of  volumes  of  these  transplants  (0.35-0.86  mm')  was 
sm  dbr  than  that  determined  for  grafts  found  outside  the 
hippreamps  (0.17-1.48  mm7).  Thus  the  variations  in 
cortical  graft  volume  may  not  adequately  account  for  the 
behavioral  variability  observed  in  the  hosts. 

We  also  assessed  the  role  of  graft  symmetry  in 
functional  recovery.  Most  of  our  subjects  bad  transplants 
that  survived  and  grew  in  both  cerebral  hemispheres. 
Only  2  of  the  rats  that  received  fascia  dentata  tissue  and 
3  of  the  rats  receiving  cerebral  cortex  transplants  had 
unilateral  grafts.  This  low  n  makes  it  difficult  to  draw  any 
reliable  conclusions  about  the  ability  of  unilateral  grafts 
to  promote  functional  recovery.  Therefore  we  undertook 
a  further  analysis  that  used  the  volumes  of  grafts  in  each 
hemisphere  to  determine  transplant  asymme'ries  (a  ratio) 
for  each  subject.  Using  a  regression  analysis,  graft 
asymmetries  were  correlated  with  our  measure  of  perse¬ 
veration  (mean  bout  length).  This  examination  of  the 
data  failed  to  reveal  a  significant  relationship  between 
graft  asymmetry  and  prseverative  responding.  Appar- 
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Fig.  4.  Passive  avoidance  performance  of  both  rats  with  fascia 
dentata  damage  (Rad)  and  sham-irradiated  control  subject*  (Sham) 
during  the  first  post-surgical  retest.  These  arc  mean  latencies  to 
move  out  of  a  safe  compartment  and  into  an  adjacent  area  with  an 
electrified  grid  floor.  Rat*  with  hippocampal  damage,  and  no  neural 
tissue  grafts  (Rad/SS  +  N.  I.e.,  combined  'sham-surgery*  +  'no 
surgery'  subjects;  n  *  20),  moved  readily  into  an  area  where  they 
had  just  been  shocked.  Here  we  show  the  performance  of  ail 
subjects  with  either  hippocamjwl  tissue  grafts  (Rad/tlipp  All;  n  - 
9)  or  cerebral  cortex  grafts  ('tad/Cor  All;  n  -  8).  In  addition,  the 
adjacent  bars  represent  suocategories  of  these  group*  in  which  the 
hippocampal  (Hipp)  or  cortical  (Cor)  transplants  were  found  to  be 
placed  either  within  the  hippocampal  formation  (Hipp  in  Hipp,  n  - 
6;  Cor  in  Hipp,  n  **  3)  or  outside  of  its  anatomical  limits  (Hipp  out 
of  Hipp,  n  -  3;  Cor  out  of  Hipp,  it  -  5).  Independent  of  their 
location,  hippocampal  tissue  transplants  reduced  passive  avoidance 
deficits.  On  the  other  hand,  cerebral  cortex  grafts  were  effective 
only  if  they  resided  outside  the  hippocampal  formation  (Rad/Cor 
n  of  Hipp).  *  Represents  group*  significantly  different  (P  <  0.05; 

Results  section  for  statistical  details)  from  the  rats  with  fascia 
’a  damage  that  had  either  a  shaun  surgical  procedure  or 
.need  no  surgery  (Rad/SS  -t-  N).  Variance  indicators  are  the 
.,uiard  errors  of  the  mean  (S.E.M.). 


288 


cntly,  transplant  symmetry  plays  a  minor  rok  in  she 
functional  recovery  observed  in  our  subjects. 

In  a  final  analysis  we  calculated  the  turning  'bias'  of 
each  animal  during  each  test  series.  Turning  bias  is  the 
number  of  quarter  turns  in  (he  dominant  direction  of 
movement  divided  by  total  quarier  turns  made  within  the 
bowl  apparatus.  Although  we  always  attempted  bilateral 
neural  transplants,  after  histological  inspection,  we  no¬ 
ticed  that  we  could  confirm  only  unilateral  grafts  in 
several  subjects  (see  Ns  reported  above).  Since  enhanced 
turning  bias  can  increase  the  probability  of  longer  bouts 
of  turns  without  reversals**  we  sought  to  determine  if  our 
unilateral  grafts  enhanced  turning  Mas.  This  analysis 
revealed  that  grafted  subjects  did  not  have  greater 
turning  biases  than  did  non-transplantcd  subjects.  Fur¬ 
ther.  rats  with  unilateral  grafts  did  not  have  greater 
turning  biases  than  either  irradiated  animals  with  no 
grafts  or  irradiated  animals  with  Mlateral  grafts.  Thus, 
fetal  brain  tissue  transplants  can  reduce  perseverative 
responses  without  changing  turning  bias. 

Passive  avoidance 

During  the  initial  (baseline)  assessment  of  the  behav¬ 
ioral  deficits  following  radiation-induced  hypoplasia  of 
the  fascia  dentata  granule  cells  we  discovered  that  the 
rats  with  the  brain  damage  tended  to  move  rapidly  (mean 
time  6.9  ±  32  s  (S.fi.M.))  into  an  area  in  which  they  had 
just  been  shocked.  Sham-irradiated  control  rats  exhibited 
significantly  longer  latencies  (mean  time  18.1  ±  4.7  s 
(S.E.M.);  ihS  «  1.96.  /*  «  ().03)4\  This  difference 
persisted  for  non-transplantcd  subjects  during  the  first 
post-surgird  behavioral  retest  (see  Fig.  4)  (/«  «*  2.18.  /’ 
<  0.025).  »..ese  data  may  represent  a  memory  /teficit. 
Since  spontaneous  locomotion  of  irradiated  animals  was 
normal  during  this  test  series^,  the  finding  of  shorter 
latencies  to  cross  onto  the  shock  grid  cannot  be  explained 
as  reflecting  u  generalized  hyperactivity. 

Neural  transplants  produced  improved  performance 
on  the  passive  avoidance  task.  'Ibis  benefit  was  most 
easily  discerned  during  the  first  behavioral  retest  follow¬ 
ing  the  transplants  (approx.  83  days  post  surgery).  Group 
differences  first  revealed  by  a  one-way  analysis  of 
variance  (F3 «  =  2.92.  /’  =  0.042)  were  further  eluci¬ 
dated  by  paired  comparisons  using  /-tests  (see  Fig.  4). 
Irradiated  subjects  with  either  hippocampal  or  cortical 
grafts  remained  longer  on  the  safe  side  of  the  passive 
avoidance  chamber  than  did  the  rats  with  similar  brain 
damage  that  underwent  sham  surgery  or  no  surgery  (/5J 
=  2.2.  P  <  0.05.  for  hippocampal  grafts;  /M  =  2.3,  P  < 
0.05.  for  cortical  grafts).  During  this  first  post-graft 
behavioral  retest,  the  transplanted  rats  with  hippocampal 
damage  stayed  on  the  safe  side  of  the  passive  avoidance 
apparatus  for  time  periods  that  were  not  significantly 


different  from  sham-irradiated  controls  that  had  no  initial 
brain  damage.  Behavioral  effects  of  grafts  were  more 
difficult  to  observe  on  the  last  passive  avoidance  test 
(approx.  169  days  after  surgery)  since  there  was  a 
tendency  for  spontaneous  improvement  in  the  perfor¬ 
mance  of  control  rats  (i.c.  those  receiving  no  surgical 
treatment  or  sham  surgery)  by  this  time. 

We  undertook  a  further  analysis  of  the  transplanted 
subjects'  data  to  determine  if  the  final  neuroanatomical 
location  and/or  source  of  the  graft  tissue  had  an  influence 
on  the  behavioral  benefits  observed  on  the  passive 
avoidance  task.  A  one-way  analysis  of  variance  ■ 
3.02.  P  ■  0.018)  compared  the  latencies  to  cross  onto  the 
shock  grid  exhibited  by  irradiated  rats  having  grafts 
located  either  within  the  hippocampal  formation  or 
outside  of  this  structure.  Transplants  found  outside  the 
targeted  hippocampus  were  usually  in  the  lateral  ventricle 
or  cerebral  cortex  just  adjacent  to.  and  frequently 
touching,  the  hippocampus  (see  Fig.  2).  Subsequent 
/•tests  revealed  that  hippocampal  granule  cell  grafts 
produced  similar  benefits  in  passive  avoidance  perfor¬ 
mance  independent  of  their  location  in  the  brain.  Fascia 
dentata  grafts  located  either  within  or  just  outside  the 
hippocampal  formation  produced  similar  improvements 
in  passive  avoidance  as  compared  to  the  performance  of 
rats  receiving  sham  surgery  or  no  surgery  (/M  -  1.79,  P 

<  0.05).  On  the  other  hand,  only  cortical  grafts  that  were 
misplaced  and  located  in  the  host  cerebral  cortex,  had  a 
beneficial  effect  on  passive  avoidance  responses  when 
compared  to  non-brain-damaged  controls  (/,,  »  3.28,  P 

<  0.01).  Cortical  transplants  located  within  the  hippo¬ 
campal  formation  produced  no  improvements  on  this 
task.  Thus  fascia  dentata  granule  cells  produced  an 
improvement  in  passive  avoidance  that  was  location- 
independent.  Cortical  tissue  found  in  a  non-homologous 
location  (i.e.  hippocampus)  did  not  have  this  beneficial 
effect. 

DISCUSSION 

These  experiments  extend  the  studies  of  Sunde,  et 
al.,J,  and  Zimmer  et  al.5*'*'  who  reported  reorganization 
of  the  brain  after  early  radiation-induced  hypoplasia  of 
hippocampal  granule  cells  and  the  normalization  of 
neural  connections  following  placement  of  hippocampal 
grafts  in  the  dentate  gyrus.  The  results  of  our  study 
demonstrate  several  behavioral  benefits  produced  by 
transplantation  of  embryonic  brain  tissue  into  the  brains 
of  rats  with  similar  radiation-induced  damage  to  the 
fascia  dentata  granule  cells.  Here  we  report  that  the 
functional  benefits  of  neural  grafts  seem  to  be  dependent 
on  a  precise  combination  of  conditions  rattier  than  being 
a  general  phenomenon.  The  neuroanatomical  source  of 
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donor  tissue,  final  location  of  th«  graft  in  the  host,  time 
after  transplantation  and  the  characteristics  of  the  be* 
havioral  task.  a>l  played  a  part  in  determining  the 
likelihood  of  functional  benefits  in  our  rats  with  hippo* 
campal  damage. 

Our  transplant  survival  rate  of  85%  may  be  higher 
than  that  normally  predicted  for  subjects  with  a  long 
interval  (in  our  case  5  months)  between  the  initial  brain 
damage  and  the  neural  grafting  procedure.  Up  to  a  point, 
delay  between  brain  lesions  and  neural  transplantation 
has  been  shown  to  significantly  enhance  the  permanence 
of  neural  grafts'7.  However,  Stein  et  at.**  have  reported 
that  a  2  week  delay  between  aspiration  lesions  and  neural 
transplantation  significantly  reduces  graft  survival.  These 
beneficial  or  injurious  effects  of  delayed  transplantation 
may  depend  on  the  waxing  and  waning  of  neurotrophic 
factors  produced  as  a  sequel  to  injury'*1*'.  The  extent  of 
neurotrophic  factor  release  in  hippocampus  following 
neonatal  brain  X-irradiation  is  currently  unknown.  It  is 
possible  however,  that  the  surgical  procedure  involved  in 
the  stereotaxic  placement  of  fetal  nervous  tissue  into  the 
adult  brain  may  have  provided  sufficient  stimulation  of 
neurotrophic  activity  to  promote  the  superior  graft 
survival  that  we  observed. 

By  eliminating  the  fascia  dentata  granule  cells  that 
normally  receive  massive  afferents  from  the  cntorhinal 
cortex41  it  is  possible  to  produce  many  of  the  functional 
deficits  that  normally  characterize  hippocampectomy51. 
Like  the  behavioral  deficits  observed  after  much  larger 
hippocampal  lesions,  our  discrete  damag'  to  the  fascia 
dentata  granule  cells  produced  impaired  learning  of  a 
passive  avoidat!^  task  and  perseverative  spontaneous 
turning  in  a  hemisphere  apparatus  (bowl).  The  T  maze 
has  been  used  frequently  to  assess  deficits  in  spontaneous 
alternation  and  as  an  indicator  of  the  fixated  response 
patterns  characteristic  of  animals  with  hippocampal 
lesions3*.  In  an  important  way  the  plastic  hemisphere  we 
used  is  like  a  T  maze.  In  a  T  maze  a  spontaneously 
alternating  rat  reverses  direction  on  each  discrete  trial.  In 
the  bowl,  there  is  no  discrete  choice  point.  When  a  rat 
has  made  a  full  circle  in  the  plastic  hemisphere  it  begins 
to  retrace  the  path  most  recently  traversed.  This  presents 
an  opportunity  to  either  continue  or  reverse  direction. 
The  mean  turning  bout  length  is  essentially  a  measure  of 
alternation  frequency  corrected  for  the  total  number  of 
quarter  turns  made.  Therefore  mean  bout  length  may  be 
considered  a  continuous  (non-discrete-trial)  measure  of 
spontaneous  alternation. 

Our  experiments  are  the  first  to  look  at  the  behjvioral 
changes  that  follow  the  placement  of  neural  grafts  in  the 
brains  of  rats  with  discrete  damage  to  the  fascia  dentata 
granule  cells.  However,  others  have  used  a  model  of 
hippocampal  deafferentation  (fimbria-fornix  lesions)  and 


reported  either:  (I)  potentiation  of  impairments  on  a 
serial  alternation  task  after  intrahippocampal  placement 
of  large  septal  grafts”,  or  (2)  improvements  in  water 
maze41  or  T  maze  performance11  after  transplantation  of 
smaller  septal  grafts  into  hippocampus.  Additional  stud¬ 
ies  have  evaluated  the  functional  recovery  of  rats  follow¬ 
ing  the  placement  of  embryonic  hippocampal  transplants 
in  the  cavity  remaining  after  large  aspiration  lesions  of 
the  hippocampal  formation.  Both  maze  learning31  and 
performance  of  an  operant  task  requiring  low  response 
rates57  are  improved  by  these  grafting  procedures. 

Transplant-induced  recovery  was  not  observed  simul¬ 
taneously  on  our  2  behavioral  tasks.  During  the  first 
behavioral  retest  (almost  3  months  after  surgery)  the 
passive  avoidance  performance  of  our  transplanted  rats 
was  superior  to  that  of  control  animals  without  grafts. 
However,  at  this  same  time,  perseverative  spontaneous 
turning  was  similar  in  all  irradiated  subjects  irrespective 
of  any  transplant  manipulations.  Later,  during  the  final 
behavioral  test  series,  (approx.  6  months  after  surgery) 
irradiated  rats  with  hippocampal  grafts  showed  less 
perseverative  turning  than  did  subjects  that  did  not 
receive  these  grafts.  Graft-mediated  functional  benefits 
in  passive  avoidance  acquisition  were  not  apparent  during 
this  second  retest.  Others  have  also  reported  that  grafts 
offer  task-specific  behavioral  benefits  to  rats  with  fim¬ 
bria-fornix  lesions11.  In  addition,  the  functional  conse¬ 
quences  of  embryonic  ncocortex  transplanted  in  rats  with 
prefrontal  cortex  lesions  depends  on  the  time  after 
grafting  that  the  behavioral  measures  are  recorded31. 
Collectively,  these  data  suggest  that  behavioral  recovery, 
following  placement  of  neural  grafts  in  the  brains  of  rats 
with  fascia  dentata  damage,  depends  on  the  behavior 
being  measured  and  the  time  after  grafting  that  the 
measurement  occurs.  It  may  be  noted  that  the  benefit  of 
our  neural  transplants  were  most  apparent  during  test 
series  when  respective  performances  of  irradiated  and 
sham-irradiated  control  subjects  (without  grafts)  were 
most  divergent.  It  is  possible  that  the  timing  of  discern¬ 
ible  behavioral  recovery  in  grafted  animals  is  not  only 
dependent  on  progressive  host/graft  interactions  but  may 
also  be  due,  in  part,  to  changes  in  the  performance  of  our 
controls  over  the  course  of  the  experiments. 

In  rats  without  transplants,  perseverative  movements 
(originally  observed  during  behavioral  baseline  mea¬ 
sures)  became  more  severe  during  the  course  of  the 
experiment  (see  also  ref.  39).  This  raises  the  question 
whether  our  grafts  produced  a  ‘true’  recovery  of  function 
or  only  prevented  a  time-related  exacerbation  of  perse¬ 
veration.  Howeyer  our  findings  suggest  that  the  mean 
turning  bout  lengths  of  subjects  with  homotopic  fascia 
dentata  grafts  (i.e.  located  within  the  hippocampal 
formation)  and  those  with  cerebral  cortex  grafts,  located 
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outside  the  hippocampal  formation,  were  (a)  significantly 
less  than  X-irradiated  controls  without  transplants  and 
(b)  no  different  from  the  movements  of  subjects  that 
were  sham-irradiated.  Thus,  these  transplant  procedures 
not  only  prevented  the  time-related  potentiation  of 
perseverative  turning,  there  was  also  a  return  to  a  level 
of  functioning  that  was  similar  to  that  of  normal  rats. 

In  embryonic  and  early  postnatal  fascia  dentata  grafts 
new  neurons  are  likely  to  be  formed  after  transplanta¬ 
tion.  These  neurons  represent  the  substantial  postnatal 
neurogenesis  of  dentate  granule  cells  observed  in  the 
normal  dentate  gyrus1, ' *.  However,  the  formation  and 
differentiation  of  granule  cells  in  fascia  dentata  trans¬ 
plants  take  place  under  conditions  in  the  neonatally 
irradiated  host  that  are  different  from  t'.ose  present  in 
the  normal  dentate  gyrus.  Zimmer  and  his  colleagues**’*' 
have  shown  that  the  brain  compensates  for  early  radia¬ 
tion-induced  damage  to  the  hippocampal  granule  cells  by 
stimulating  dendritic  growth.  Their  results  demonstrate 
that  a  reduction  of  the  fascia  dentata  population  can 
induce:  (1)  a  compensatory  increase  in  the  neuropil 
layers  containing  the  dendrites  of  the  remaining  neurons, 
(2)  a  corresponding  relative  increase  in  their  axonal 
projections,  and  (3)  a  shift  and  expansion  of  afferent 
projections  to  an  adjacent  neuronal  population. 

These  compensatory  changes  in  the  host  brain  raise  a 
question  regarding  the  extent  that  an  abnormal  host 
environment  may  affect  the  structural  and  functional 
characteristics  of  granule  cell  transplants.  In  this  regard 
Zimmer  et  al.5*  have  reported  the  superior  ability  of 
granule  cell  transplants  to  normalize  dentate  afferent  and 
efferent  connections  when  grafts  arc  placed  in  the  host 
brain  immediately  after  the  radiation-induced  hippo¬ 
campal  damage.  However,  if  the  grafts  are  delayed  from 
5  to  10  weeks  after  the  initial  injury  there  is  little 
ingrowth  of  hippocampodentate  fibers  into  the  trans¬ 
plants.  These  data  suggest  that  it  may  be  more  difficult 
to  demonstrate  functional  benefits  in  animals  that  have 
received  neural  transplants  long  after  the  initial  brain 
injury.  Indeed,  a  result  consistent  with  this  hypothesis 
has  been  reported  after  cortical  transplants  were  placed 
in  the  adult  bruin  30-60  days  following  aspiration  lesions 
of  the  cerebral  cortex50.  The  current  findings  are  espe¬ 
cially  provocative  in  the  context  of  the  data  just  discussed 
since  we  recorded  improved  performance  in  rats  trans¬ 
planted  over  5  months  after  radiation  exposure  produced 
hypoplasia  of  the  fascia  dentata  granule  cells. 

When  our  data  arc  taken  in  conjunction  with  those  of 
Zimmer  et  al.5*  the  question  may  be  raised  about  the 
unlikely  role  for  neural  reconnection  in  the  behavioral 
recovery  we  observed.  Similarly,  others  have  suggested 
that  specific  neural  connections  between  host  and  trans¬ 
plant  may  not  be  necessary  for  behavioral  recovery24- 


2'  *°.  Instead,  the  grafts  may  produce  needed  neu¬ 
rotransmitters' 4  or  provide  endogenous  brain-specific 
trophic  factors  that  can  rescue  the  damaged  host  brain  or 
restore  functbn,"  M,,7,,*17,4g.  Unfortunately  the  current 
data  do  not  address  these  questions.  The  production  of 
humoral  or  neurotrophic  factors  in  subjects  with  early 
radiation-induced  granule  cell  hypoplasia  (the  relatively 
‘non-traumatk’  injury  used  here)  has  yet  to  be  demon¬ 
strated.  We  have  experiments  in  progress  that  will  assess 
host/graft  neural  interconnections  in  our  subjects.  Addi¬ 
tional  studies  are  being  analyzed  that  have  looked  at  the 
behavioral  recovery  of  rats  with  fascia  dentata  granule 
cell  hypoplasia  after  earlier  placement  of  hippocampal 
transplants  when  potential  host/graft  interactions  arc 
more  probable  (within  a  month  of  the  initial  injury). 

Graf;  location  and  source  arc  other  factors  that  may  be 
relevant  to  the  prediction  of  behavioral  recovery  follow¬ 
ing  brain  injury.  Although  we  attempted  to  place  all  our 
fetal  tissue  grafts  within  the  hippocampal  formation,  our 
histological  review  revealed  that  pieces  of  graft  were 
often  outside  of  this  structure.  Our  behavioral  analysis 
showed  that  cerebral  cortex  transplants  located  within  the 
hippocampal  formation  neither  improved  indicators  of 
passive  avoidance  performance  nor  reduced  bouts  of 
perseverative  turning.  However,  if  the  cortical  cells  were 
located  outside  of  the  hippocampus  (usually  in  cerebral 
cortex  or  lateral  ventricle),  behavioral  benefits  were 
observed.  Further,  fascia  dentata  grafts  were  generally 
most  effective  when  they  were  found  to  be  located  in  the 
hippocampal  formation  of  brain  damaged  rats.  The 
literature  suggests  that  a  variety  of  behavioral  results  can 
follow  the  transplantation  of  nonhomologous  neurons. 
Animals  with  homologous  tissue  grafts  frequently  exhibit 
post-lesion  behavioral  recovery  superior  to  that  observed 
after  nonhomologous  brain  tissue  transplants77.  Wood¬ 
ruff  et  al.57  report,  for  example,  that  rats  with  hippo¬ 
campal  tissue  grafts  transplanted  into  a  hippocampal 
lesion  site,  performed  better  on  an  operant  task  requiring 
slow  response  rates  than  did  subjects  receiving  nonho¬ 
mologous  grafts  of  fetal  hindbrain  tissue.  However, 
functional  benefits  of  nonhomologous  neural  grafts  have 
also  been  observed49.  Further,  reports  indicate  that  a 
neural  graft  survives  best  when  transplanted  into  its 
corresponding  region  of  origin  in  the  host  brain2*.  The 
importance  of  graft  location  has  been  emphasized  by 
Sunde  et  al.52  who  suggested  that  'misplacement'  of 
hippocampal  transplants  could  result  in  abnormal  serial 
connections  in  a  brain  with  fascia  dentata  granule  cell 
hypoplasia.  In  the  current  study  we  found  a  possible 
behavioral  analogue  of  this  neuroanatomical  observation. 
To  optimize  behavioral  recovery  from  radiation-induced 
hypoplasia  of  hippocampal  granule  cells,  fascia  dentata 
grafts  must  be  placed  within  the  hippocampal  formation. 
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Further,  ’misplacement'  of  cerebral  cortex  transplants 
into  the  host  hippocampus  failed  to  improve  performance 
and  enhanced  behavioral  variability  (see  log.  3). 

It  may  be  of  interest  to  speculate  (hat  our  partial 
success  in  using  cerebral  cortex  grafts  to  reduce  behav¬ 
ioral  decrements  following  fascia  dentata  granule  cell 
hypoplasia  may  be  due.  in  part,  to  the  similar  anlage  of 
ncocortical  and  hippocampal  tissue2.  In  this  regard,  Stein 
et  al.w  have  reported  that  functional  deficits  following 
bilateral  lesions  of  the  occipital  cortex  could  be  reduced 
by  frontal  cortex  transplants  having  similar  developmen¬ 
tal  origins  as  the  tissue  removed.  Conversely,  Woodruff 
et  »I,'7  have  shown  that  neural  transplants  derived  from 
a  different  anlage  (the  hindbrain)  have  proven  to  be 
ineffective  in  reversing  behavioral  deficits  associated  with 
hippocampal  lesions.  These  data  suggest  that  there  may 
be  some  gradient  of  homology  that  permits  cortical  tissue 
more  restorative  influence  than  hindbrain  tissue  in  the 
recovery  of  brain  function  following  damage  to  the 
hippocampus. 

In  summary,  we  found  that  the  behavioral  deficits 
associated  with  radiation-induced  hypoplasia  of  the  neo¬ 
natal  fascia  dentata  granule  cells  can  he  diminished  by 
transplanting  fetal  brain  tissue  into  the  damaged  adult 
brain.  The  time  course  of  transplant-induced  behavioral 
recovery  was  not  uniform  for  all  behaviors  measured. 
Although  performance  was  improved  following  cerebral 
cortex  transplantation,  fascia  dentata  grafts  were  gener¬ 
ally  more  effect,  e  than  cortical  grafts  in  promoting 
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Conference  report 


The  First  Consensus  Development  Conference 
on  the  Treatment  of  Radiation  Injuries 

'Hie  First  Consensus  Development  Conference  on  the  Treatment  of  Radiation 
Injuries  sponsored  by  the  Medical  Radiobiologv  Advisory  Team  (MRAT)  of  the 
Armed  Forces  Radiobiology  Research  Institute  (AFRRI)  was  held  in  Washington, 
DC,  on  10  13  May  1989.  Physicians  and  scientists  from  around  the  world  met  to 
discuss  the  most  appropriate  trcatmcnt(s)  for  the  haematopoietic  and  infectious 
complications  that  accompany  radiation  injuries  and  for  combined  radiation  and 
traumatic'hurn  injuries. 

'Hie  three  most  recent  accidents  [the  reactor  explosion  in  Chernobyl,  USSR 
(1986);  the  internal  and  external  exposure  to  caesium- 1 37  in  Goiania,  Hraxil  (1987); 
and  the  occupational  exposure  in  a  radiation  sterilixation  facility  in  San  Salvador, 
FI  Salvador  (1989)]  show  that  in  radiation  accidents  the  exposure  environment  is 
likely  to  be  ill  defined  and  uncontrolled.  Physicians  treating  irradiated  patients  may 
find  that  the  patients  also  have  been  traumatised  by  burns  and/or  wounds  (i.r. 
combined  injuries). 

*l*hc  immediate  treatment  of  associated  injuries  is  a  primary  determinant  of 
survival.  The  nature  of  the  radiation-induced  marrow  aplasia  (reversible  or  irrever¬ 
sible)  may  not  be  known  for  days,  because  the  dose  of  radiation  may  vary  in  rate  and 
quality,  and  the  exposure  probably  will  not  be  uniform  or  homogeneous  (i.r. 
involve  only  part  of  the  body).  'I'hese  facts  make  reliance  on  a  physical  dose  estimate 
impossible,  and  underscore  the  need  for  monitoring  biological  parameters  to 
estimate  the  severity  of  injuries  and  the  probability  of  survival.  Reliable  triage  and 
good  clinical  care,  based  on  comprehensive  biological  data,  will  ensure  the  best 
possible  chance  for  casualty  recovery  should  a  critical  number  of  stem  cells  survive 
the  radiation  exposure. 

Data  for  uncomplicated  human  radiation  exposures  within  the  haematopoietic 
syndrome  range  are  relatively  limited.  The  evidence  (exclusive  of  the  three  recent 
accidents)  comes  from  four  primary  sources;  (I)  persons  exposed  to  the  nuclear 
weapons  detonations  in  Hiroshima  and  Nagasaki,  (2)  radiotherapy  of  persons  with 
Fwing's  sarcoma  with  therapeutic  total-body,  bilateral  exposure  to  y  radiation, 
(3)  two  nuclear  criticality  accidents  (Vinca,  Yugoslavia,  and  Oak  Ridge,  Tennessee) 
involving  subjects  exposed  to  mixed  neutron  and  gamma  radiation,  and  (4)  bone 
marrow  transplant  recipients  receiving  total-body  y  radiation.  Information  col¬ 
lected  from  these  exposures,  the  three  recent  accidents  and  experimental  data 
has  provided  us  with  the  basis  for  establishing  a  consensus  on  the  treatment  of 
radiation  injuries  (figure  I). 


Supported  by  the  Armed  Force*  Radiobiology  Research  Institute,  Defense  Nuclear 
Agency.  Views  presented  in  this  paper  are  those  of  the  tuthors;  no  endorsement  by  the 
Defense  Nuclear  Agency  has  been  given  or  should  be  inferred. 
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Figure  I.  Tn-ntmmr  srhrmti.  'Hie  outlined  protocol  for  treatment  of  radiation  injurie*  it 
baaed  on  uniform  total-lrody  radiation  exposure  (free-in-air),  and  may  not  be 
applicable  in  all  accident  scenario*  or  mas*  casualty  situation*. 


Triage  (figure  1,  A) 

Kstimating  the  degree  of  radiation  damage  and  exposure  ia  difficult.  Prodrome, 
which  beKins  within  hours  of  exposure,  is  characterised  by  gastrointestinal  and 
neurovascular  signs  and  symptoms,  including  nausea,  vomiting,  diarrhea,  fatigue, 
weakness,  fever  and  headache.  The  time  of  occurrence,  severity  and  duration  of 
these  signs  are  dose  and  dose-rate  dependent,  and  must  be  used  in  conjunction  with 
early  biological  parameters,  such  as  peripheral  lymphocyte  counts,  to  determine  the 
presence  and  severity  of  acute  radiation  syndrome.  These  signs  and  symptoms  must 
be  used  initially  to  determine  if  the  casualty  is  one  of  radiation  exposure. 

The  rate  and  degree  of  loss  of  blood  cellular  elements  arc  dose  dependent.  Blood 
samples  should  be  taken  daily  during  the  first  week  of  treatment.  A  useful  rule  of 
thumb  is,  if  lymphocytes  have  decreased  by  50  per  cent  and  are  less  than  I  x  109/I 
within  24-48  h,  the  patient  has  received  at  least  moderate  radiation  exposure.  In  the 
event  of  combined  injuries,  lymphocytes  may  be  an  unreliable  indicator.  Patients 
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who  have  received  severe  burns  and/or  trauma  to  more  than  one  system  often 
develop  lymphopenia. 

Effective  triage  relies  on  accurate  analysis  of  the  early  signs  and  symptoms, 
substantiated  by  biological  parameters  associated  with  radiation  exposure.  Treat* 
ment  must  be  determined  after  analysing  the  'adiation  injury  and  indicated 
therapies  for  the  type  of  organ  damage.  Conventional  injuries  that  are  benign  by 
themselves  can  become  lethal  when  combined  with  radiation  exposure. 

Emergency  care  (figure  I,  B) 

Because  radiation  injury  is  not  immediately  life-threatening,  initial  care  should 
address  the  associated  conventional  injuries,  «?.g.  therms'  bums  and  wounds.  The 
standard  emergency  medical  procedures  for  ventilation,  perfusion  am! 
haemorrhage  should  be  provided  first,  and  then  casualties  should  be  stabilised. 
After  stabilisation,  decontamination  and  treatment  of  the  radiation  injuries  should 
continue. 

Combined  injury  (figure  1,  C) 

During  triage,  associated  injuries  (traumajbum)  should  be  assessed  by  standard 
procedures,  keeping  in  mind  that  the  signs  and  symptoms  of  associated  injuries  can 
mimic  and  obscure  those  caused  by  acute  radiation  effects.  Experimental  data 
indicate  that  the  combination  of  conventional  trauma  and  radiation  injury  has 
adverse  synergistic  effects.  Several  points  in  the  medical  management  of  combined 
injury  casualties  are  important.  For  example,  t<»e  optimum  period  during  which 
surgery  can  be  performed  successfully  is  different  from  that  of  conventional 
trauma.  Surgical  correction  of  life-threatening  and  other  major  injuries  should  be 
carried  out  as  soon  as  possible  (within  36-48  h),  while  elective  procedures  should  be 
postponed  until  late  in  the  convalescent  period  (45-60  days). 

Radiation  categories  (figure  1,  D) 

Based  on  the  severity  of  radiation  exposure,  casualties  can  be  classified  into  four 
treatment  categories:  mild,  moderate,  severe  and  lethal.  A  consensus  was  not 
reached  on  the  specific  dose  ranges  (free-in-air)  for  these  categories,  primarily 
because  of  the  difficulty  in  converting  an  air  dose  to  a  meaningful  tissue  dose. 
Nevertheless,  dose  ranges  arc  indicated  in  figure  1.  The  main  goal  of  this 
classification  system  is  to  predict  the  likelihood  of  survival  of  the  casualty's 
haematopoietic  stem  cells.  In  treating  the  casualty,  and  not  the  radiation  dose,  the 
most  reliable  guide  for  the  physician  is  the  change  in  blood  elements  resulting  from 
bone  marrow  injury. 

Initial  care  (figure  1,  E) 

Medical  treatment  of  casualties  with  moderate  and  severe  radiation  exposure 
should  include  early  institution  of  reverse  isolation.  Prophylactic  use  of  selective 
gut  decontamination  with  oral  nonabsorbable  antibiotics  and  avoidance  of  un¬ 
cooked  food  can  be  useful.  These  measures  help  control  the  gastrointestinal  source 
of  post-injury  infections.  Maintenance  of  gsstric  acidity  (i.e.  avoidance  of  antacids 
and  H2  blockers)  may  prevent  bacteria  from  entering  through  the  gastric  rm  cosa. 
When  possible,  early  oral  feeding  is  preferred  to  intravenous  feeding  to  maintain 
the  immunological  and  physiological  integrity  of  the  gut.  Surgical  implantation  of 
a  subcutaneously  tunnelled  central  venous  catheter  should  be  considered  to  allow 
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frequent  venous  access.  However,  excessive  use  of  catheter*  ean  predtxneie  the 
patient  to  haetcraemia. 

Irreversible  damage  to  the  hone  marrow  stem  cells,  in  a  dose-dependent 
pattern,  is  a  complication  of  total-body  radiation  exposure.  The  dose  ranee  that 
would  deplete  the  entire  stem  cell  pool  is  still  unknown.  However,  based  on  animal 
experiments,  using  a  uniform  tissue  dose  throughout  the  body,  it  appears  that  bone 
marrow  transplantation  from  a  histocompatibility  locus  antigen  (1 1 1,  A)  identical 
donor  may  be  beneficial  at  doses  of  uniform  total-body  irradiation  as  low  as  S  Gy. 
liven  a  transient  engraftmeni  for  3  7  weeks  may  be  helpful  to  casualties  exposed  to 
uniform  whole-body  radiation  of  5  6  Gy  during  pancytopenia,  until  autologous 
stem  cell  recovery  occurs. 

‘(‘he  immediate  post-exposure  period  is  a  time  of  profound  immunosuppression 
and  can  lie  exploited  as  a  preparatory  phase  for  marrow  transplantation  for 
casualties  of  moderate  to  severe  dose*  of  radiation.  This  will  influence  the 
physician's  decision  on  separate  immunosuppressive  regimens.  Therefore,  early  in 
the  treatment  of  this  group,  suitable  donors  need  to  be  identified  for  III.A  typing 
and  mixed  lymphocyte  culture  studies.  The  most  appropriate  time  for  marrow1 
transplantation  is  still  uncertain,  because  the  reversibility  of  haematopoietic 
damage  is  not  kftiwn  during  initial  care.  However,  the  ideal  time  appears  to  be 
within  3  5  days  post-exposure,  based  on  animal  data. 

Growth  factors  such  as  recombinant  human  granulocyte  and  granulocyte-mac¬ 
rophage  colony  stimulating  factors  (t hG-CSF  and  rhGM-CSF)  are  potent  stimu¬ 
lators  of  haematopoiesis.  Casualties  with  moderate  to  severe  exposure  would  most 
likely  benefit  from  therapeutic  use  of  haematopoietic  growth  factor*.  Preclinical 
studies  in  larger  animals  and  Phase  I  and  II  clinical  trials  in  patients  with  bone 
marrow  aplasia,  resulting  from  chemotherapy,  therapeutic  total-body  radiation  or 
AIDS,  have  established  the  efficacy  and  safety  of  rhG-CSF  and  rhGM-CSF  in 
enhancing  granulocyte  recovery.  Use  of  rhG-CSF  or  rhGM-CSF  is  appropriate  in 
casualties  likely  to  have  prolonged  severe  granulocytopenia.  Although  the  dose 
range  is  uncertain,  a  reasonable  approximation  may  be  uniform  total-body  exposure 
of  4-  8  Gy,  Growth  factors  may  have  to  be  initiated  early  in  the  treatment  to  be 
effective  at  the  right  time. 

Early  granulocyte  recovery,  following  growth  factor  therapy,  may  indicate  a 
lower  radiation  dose  exposure.  While  growth  factors  may  benefit  some  patients,  the 
type  of  radiation  exposure  is  crucial  in  assessing  the  long-term  sequelae  of  therapy. 
Prolonged  internal  irradiation  from  inhaled  or  ingested  materials  may  be  a  contra¬ 
indication  for  the  use  of  growth  factors.  Potential  risks  include  acceleration  of 
leukemogenesis.  Pharmacologic  doses  of  rhGM-CSF  may  adversely  effect  neutro¬ 
phil  migration  into  soft  tissues,  an  issue  of  considerable  importance  in  the  treatment 
of  combined  injury. 

Definitive  care 

Transfusion  ( figure  I,  FI) 

The  requirements  for  platelet  support  depend  on  the  condition  of  the  patient. 
The  threshold  for  instituting  platelet  support  should  be  at  20  x  lO’/l,  unless  other 
major  medical  problems  or  bleeding  are  present.  Platelets  are  likely  to  come  from 
random  donors.  Should  refractoriness  develop,  family  members  and  H  LA- 
compatible  donors  from  the  community  can  be  considered.  Gamma  radiation  of 
blood  products  ‘•'ith  lS-20Cy  is  recommended  to  abolish  the  mitotic  activity  of 
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lymphocytes  without  adversely  affecting  the  red  blood  cells,  platelets  and  plasma 
proteins. 

Antibiotics  (figure  /,  F2) 

Management  of  established  or  suspected  infection  (neutropenia  and  fever)  in 
irradiated  casualties  is  similar  to  thatosed  in  other  febrile  neutropenic  patients.  An 
empirical  regimen  of  antibiotics  should  be  selected,  based  on  the  severity  of 
granulocytopenia  and  the  patterns  of  bacterial  susceptibility  and  nosocomial 
infections  present  in  tbc  institution.  Combination  antibiotic  therapy  is  recommen¬ 
ded,  or  monotherapy  (i eeftaxidime  or  imipenem)  as  appropriate.  Modification  of 
this  initial  antibiotic  regimen  should  include  a  thorough  evaluation  of  the  history, 
physical  examination,  epidemiological  information  and  laboratory  data.  Antifungal 
(amphotericin  II)  coverage  should  be  added  for  patients  who  remain  persistently 
febrile  for  7  or  more  day*  or  who  have  new  fever  on  or  after  the  7th  day  of 
antibiotics.  If  there  is  evidence  of  resistant  gram-positive  infection,  vancomycin 
should  be  added.  Surveillance  cultures  may  be  useful  for  monitoring  resistant 
bacteria  and  emergence  of  fungi.  Twice-weekly  sampling  or  surveillance  cultures 
would  be  reasonable.  *I*his  regimen  should  be  modified  depending  on  the  insti¬ 
tutional  patterns  of  nosocomial  infections. 


Hum  tint!  wound  (are  (figure  I,  F3 ) 

Treatment  of  thermal  burns  should  include  early  excision  of  potentially  septic 
tissues  and  closure  of  the  wounds,  preferably  by  skin  grafting.  Radiation  and 
thermal  burns  should  be  treated  differently,  especially  when  using  surgery,  which 
should  be  delayed  in  the  case  of  radiation  burns.  Information  on  the  specific 
treatment  of  radiation  burns  to  the  skin  is  currently  not  available. 

The  closure  of  the  traumatic  wound,  which  generally  should  be  attempted  as 
soon  as  possible,  emerges  as  the  most  challenging  of  all  surgical  therapeutic  efforts 
in  the  treatment  of  the  combined-injury  patient.  This  occurs  because  of  the 
relatively  short  period  following  injury  when  surgery  can  be.  performed  safely.  This 
narrow  time-frame  results  from  radiation-induced  suppression  of  cellular  elements 
necessary  for  wound  healing  and  prevention  of  infection  and  haemorrhage.  Experi¬ 
mental  data  indicate  increased  mortality  in  the  abaence  of  wound  closure.  The 
following  procedures  are  recommended  after  resuscitation  and  emergency  surgery: 
(I)  the  patient  should  be  returned  to  the  operating  room  within  48 h,  obtain 
quantitative  cultures  and,  if  the  wound  is  clinically  clean,  graft  all  defects  with 
autologous  skin;  (2)  remove  dressings  at  96-1 20 h  and,  if  the  wounds  were 
appropriately  debrided,  use  skin  grafts  to  close  the  wounds;  and  (3)  if  additional 
debridement  is  necessary  at  48  h,  the  previous  procedures  should  begin  again  at 
96  h. 

The  proceedings  of  the  conference,  including  more  detailed  consensus  state¬ 
ments,  discussions  and  invited  papers  will  be  published  by  Plenum  Press,  New 
York  ( Treatment  of  Radiation  Injuries,  ed.  by  D.  Browne,  J.  F.  Weiss,  T.  J. 
MacVittie  and  M.  V.  Pillai).  The  consensus  panel  members  are  listed  below. 
Hematopoietic  Injury  Complications:  Eugene  P.  Cronkite,  MD  (moderator);  Rainer 
Storb,  MD;  Richard  Champlin,  MD;  C.  Robert  Valeri,  MD;  Joseph  Laver,  MD; 
Thomas  J.  MacVittie,  PhD;  Joseph  H.  Antin,  MD;  Robert  P.  Gale,  MD;  and 
Dorothee  Krumwieh,  MD. 
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Infrrltoas  Comfdira.tom  of  RaJiahan  Injury;  Richard  t.  Walker,  Phi)  urn)  Itxhak 
Hronk,  Ml)  (moderators);  Stephen  C.  Schimpff,  Ml);  Alexandre  K.  dc  Oliveira, 
Ml);  CJarx  I*,  Kaluga,  MD;  Thomas  Walsh,  Ml);  and  Anna  Huttunni,  Ml). 
Cnmbmrd  Injury  Complitatmnti  Kohert  W.  Young,  l*hl>  (moderator);  Krwin 
I  Itrsch.  Ml);  William  I,  Keeker,  Ml);  Patricia  Mem;  (#.  David  1  .edney,  l*hl);  and 
Robert  t\  Ricks.  iHil). 

Doms  Known*; 
josmt  P.  Weiss 
Thomas  J.  MaoVittie 
MaOHAVAN  V.  1*114 At 
Mrdifal  RtuHobiolofty  Aitelwy  Tam, 
Arm*!  Form  Radtabrala^y  Rttrarrh  Institute, 

RrtlmJa, 

Maryland  29914  $145,  VS  A 
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